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Analysis of Ultrahigh Apparent Mobility in Oxide Field-Effect

Transistors

Changdong Chen, Bo-Ru Yang, Gongtan Li, Hang Zhou, Bolong Huang, Qian Wu,
Runze Zhan, Yong-Young Noh, Takeo Minari, Shengdong Zhang, Shaozhi Deng,

Henning Sirringhaus, and Chuan Liu*

For newly developed semiconductors, obtaining high-performance
transistors and identifying carrier mobility have been hot and important
issues. Here, large-area fabrications and thorough analysis of InGaZnO
transistors with enhanced current by simple encapsulations are reported.
The enhancement in the drain current and on—off ratio is remarkable in
the long-channel devices (e.g., 40 times in 200 um long transistors) but
becomes much less pronounced in short-channel devices (e.g., 2 times

in 5 um long transistors), which limits its application to the display
industry. Combining gated four-probe measurements, scanning Kelvin-
probe microscopy, secondary ion mass spectrometry, X-ray photoelectron
spectroscopy, and device simulations, it is revealed that the enhanced
apparent mobility up to several tens of times is attributed to the stabilized
hydrogens in the middle area forming a degenerated channel area while
that near the source-drain contacts are merely doped, which causes arti-
fact in mobility extraction. The studies demonstrate the use of hydrogens
to remarkably enhance performance of oxide transistors by inducing a new
mode of device operation. Also, this study shows clearly that a thorough
analysis is necessary to understand the origin of very high apparent
mobilities in thin-film transistors or field-effect transistors with advanced
semiconductors.

In recent studies of advanced semicon-
ductors, obtaining high-performance tran-
sistors and identifying carrier mobility
have been hot and important issues. For
example, amorphous oxide semiconduc-
tors (AMOS)I! feature superior perfor-
mance over amorphous silicon in terms
of high mobility and good stability,?!
regarded as the next generation of back-
plane for flat panel displays®! or sensor
circuits. The mobility of AMOS, e.g.,
amorphous InGaZnO (a-IGZO0), is usually
1040 cm? V7! 57! in thin-film transistors
(TFTs) and cannot compete with poly-
crystalline silicon in many applicationst!
such as functional logic circuits. However,
there have been efforts that lead to higher
apparent mobility values in transistors by
incorporating nanomaterials, micropat-
terning, multiple-active layers, etc. The use
of silver nanowires or single-wall carbon
nanotubes was demonstrated to achieve a
high mobility of 1741 and 120 cm? V-1 s71,1"]
respectively. In addition, partial treatment
of the active layers, e.g., by nanometer Ar
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plasma treatment, fine-patterning microbelts,! or placing a
capping metal on top of IGZO, demonstrate mobility of 79!
and 160 cm? V! 57111 respectively. Yet to induce conducting
materials or areas partially into channels may require compli-
cated fabrications or long relaxation time (in several days).'"!
These values are already higher than that of single-crystalline
IGZO film, i.e., about 80 cm? V! sL.M The discrepancy raises
two important and urgent questions: 1) Is it possible to use
simple techniques to obtain oxide transistors with very high
apparent mobility? 2) How to analyze and understand the tran-
sistors with very high apparent mobility?

Here, we present that IGZO TFTs with simple and opti-
mized encapsulations can achieve significantly enhanced
on—off ratio as compared with pristine IGZO TFT. The long-
channel (200 um) devices show tens of times higher on-cur-
rent and apparent field-effect mobility, while in short-channel
devices such an effect becomes minor. The devices were fabri-
cated by simply depositing top encapsulation layers via plasma
enhanced chemical vapor deposition (PECVD) at a relatively
low temperature. To understand the origin of enhanced current
and why it is only significant in long-channel devices, we inves-
tigated the current—voltage characteristics, capacitance—voltage
relations, gated four-probe measurement (GFP) for potentials,
scanning Kelvin probe microscope (SKPM) for surface, 2D
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technology computer aided design (TCAD) device simulations,
depth-profiling of elements, photoelectron spectroscopy for
ions, density functional theory (DFT) calculations, and tempera-
ture-dependent measurements. The various investigations give
highly consistent understandings for the origin of ultrahigh
apparent mobility, demonstrate the necessity of critical analysis
for high-performance TFT or field-effect transistor (FET), and
provide a partially doped device structure with enhanced on—off
ratio and operational reliability.

The IGZO film was deposited following the regular rou-
tine to form a TFT in the bottom-gate, top-contact (BGTC)
configuration. Then SiOy (350 nm) and SiNy (100 nm) layers
were consequently deposited by PECVD at a relatively low
temperature (150 °C). To obtain high on—off ratios, it is very
important to use the relatively low temperature PECVD and
to deposit the SiOy and SiNy films with the optimum condi-
tions to reach the mentioned thickness. The device structure
and optical images are shown in Figure 1. Note that channel
length of these devices was patterned to be 200 um. For direct
comparisons, only the upper part of the arrays was covered by
SiNy/SiOx encapsulation layers (referred as IGZO-H film in
the following), while the rest are the pristine IGZO TFTs. The
two types of TFTs exhibit distinct measured transfer character-
istics (Figure 1c), where drain current (Ip) is 40 times higher in

1GZO-H devices
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Figure 1. Characterizations of TFTs. a) Schematic view of a TFT device. b) Optical image of TFT arrays with the upper half IGZO-H and the lower half
remains pristine, where one of the devices is shown on the left. c) Transfer characteristics (Vp = 0.1 V) of IGZO-H (red) and IGZO TFTs (blue) meas-
ured on the same substrates shown in (b). d) Output characteristics for various Vs values. e) Transfer characteristics in the linear regime (Vp=0.1V)
of IGZO-H TFT and IGZO TFT, with the extracted linear mobility. f) Square root of drain current in the saturated regime (Vp =20 V) IGZO-H TFT (red)
and IGZO TFT (blue), with the extracted saturated mobility. Extracted field effect mobility plotted against gate voltage of IGZO-H TFT g) and 1IGZO
TFT h) in the linear regime (Vp =0.1V).
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the treated TFTs in the linear regime scanning. The hysteresis
is small and the output characteristics are shown in Figure 1d.
The average field-effect mobility is extracted according to the
literatures of oxide TFT5.>'2 In the linear regime (Vp = 0.1 V),
Ui, extracted by the slope of I, against Vggl'? is 345 cm? V157!
(Figure 1e), as compared with 8.0 cm? V! s7! in regular IGZO
devices. The values of threshold voltage Vyy and subthreshold
swing (SS) are similar for the two types of TFTs. In the satu-
rated regime (Vp, = 20 V), the average mobility extracted by the
slope of /I, is 402 cm? V' s7! (Figure 1f). The differential
mobility in the linear regime is extracted as, ppg = (L/ WC;Vpg)
(0Ip/dV¢s), where C; is the gate insulator capacitance per unit
area and the ppg—V¢g curves are presented in Figure 1g,h. The
mobility rises gradually with the increase of Vgg following
the percolation theory.'3! For IGZO-H TFT, ugy rises to a peak
value of 384 cm? V™! s7! at Vg is set at 10.75 V, and decreases
to 314 cm? V7! s7! when Vs is set at 20 V, somehow similar to
that in polycrystalline or single crystalline silicon TFTs where
surface scattering dominates at a high gate-field.™¥ The reli-
ability factors of mobility!™* for the saturated and linear regime
are calculated as 7 = ((VTomax — /Tpo )/ Vomax )’ (WCitsat /2L)taimea
and iy = ((Ibmax — Ipo)/ Vomad)/(Vos WCilkiin/ L) claimed-  Here,
Ipmax and Ip, are the current at Vg = 20 and 0 V, respectively.
The values are 83.6% (saturated) and 78.2% (linear) for IGZO-H
TFT, whereas those of IGZO TFT are 68.5% (saturated) and
79.0% (linear), respectively.

To exclude errors in calculating the field-effect mobility
values, the capacitance of gate-dielectric of the IGZO and
IGZO-H TFTs was measured and compared with that meas-
ured in the metal-insulator-metal (MIM) structure. As all
of them show the same values when the devices are turned
on (Figure S1, Supporting Information), miscalculation in
capacitancel’® can be excluded. Also, the direct comparison
of current of the two types of devices exclude the probability
of overestimation caused by gated Schottky injection.l'®l In
those TFTs with serious Schottky barriers, drain current values
would be small and some would exhibit two segments with
very different slope values appear in the /I,—V curves in the
saturated regime (the so-called “kink” feature).l'%3] The relation-
ships between differential field-effect mobility against Vg in
Figure 1gh (linear regime) and Figure S2 in the Supporting
Information (saturated regime) show only small decrease at
high Vg and the simulations using the high mobility values
fit the transfer and output curves well (Figures S3 and S4,
Supporting Information). The IGZO-H TFTs show better sta-
bility in bias-stressing than IGZO TFTs do (Figure S5, Sup-
porting Information) and the statistical information is shown
in Figure S6 (Supporting Information).

The remarkable enhanced current comes from the encap-
sulation layers and postannealing, which was systematically
studied and is probably related to moderate hydrogen diffusion
from the top layers into IGZO. First, we deposited the SiOx
layer only, SiNy layer only, or SiOy/SiNy bilayer on IGZO TFTs
with the same postannealing (Figure 2a). The measured results
evidence that the high current from the SiNy layer but not from
SiOy layer (see Figure 2a). This is probably because PECVD-
grown SiNy (using SiH, and NHj; gas flows) contains higher
concentration of hydrogen than PECVD-grown SiOy (using
SiH, and N,O gas flows).l'”l The function of SiOy layer is to
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mainly improve the subthreshold behaviors and to reduce SS
(see Figure 2a and more details in Figures S7-S9, Supporting
Information). Second, the device performance significantly
relies on postannealing with SiNy film. In a control experi-
ment, after PECVD deposition of SiOy/SiNy layer, the SiNy film
was etched before postannealing. The resulting TFT exhibits
similar performance with pristine IGZO TFT (Figure S10,
Supporting Information), confirming that the high capacity of
gate-tuning in conductance comes from annealing with SiNy
layer. In addition, we compared the devices with SiNy films in
different thicknesses as shown in Figure 2b (also in Figure S11,
Supporting Information). The device with 20 nm SiNy (black)
merely shows improvement in the current, whereas that with
100 nm SiNy (blue) shows two magnitudes higher current. In
comparison, the devices with 300 nm (red) cannot be turned
off. Therefore, it is possible to control the on-off ratio in
devices by controlling the thickness of SiNy layer. It is also con-
sistent with the proposed explanation that hydrogen diffusion
during the moderate annealing process with ion sources can be
the origin of the improved device performance.

Then the scaling effect for channel length of TFTs was inves-
tigated and devices with channel length L varying from 5 to
100 um were characterized with Vpg as 0.1 V (Figure 2c—e).
The semiconductor islands are narrower than the electrodes,
avoiding the fringe current (Figure 2c,d, inset). The total
resistance (Rror =Vp/Ip) at Vgg = 20 V is plotted against L
(Figure 2e). Surprisingly, Ryor of IGZO-H device does not
scale with L like that of IGZO TFT. Contact resistance R¢
(the intercept from linear fitting of Rygr) of IGZO TFTs is
about 114 kQ and is similar with Ryt of IGZO-H TFTs. These
results suggest that, for IGZO-H devices, the resistance of the
contact area and not that of the channel area is dominant in
determining Ryor. Also, the increase in current is limited to
large-channel devices but not significant in small-channel
devices (Figure 2c—e). For instance, the increase in current for
source—drain spacings of 5 um is only in a factor of 2. There-
fore, the benefits for the applications with short channel length
(2-4 pm), such as ultrahigh-resolution display backplane, will
be limited at this stage.

To specifically investigate the channel area, we have built
TFTs in the GFP structure (Figure 3). During transfer character-
izations, the potential drop between the two additional probes
was measured as (Vxx = Vg — Vo)1 with the distance Lyx
between them. The two probes extend slightly into the channel
with only 10 um, much shorter than W of 400 pm (Figure 3a,e).
For IGZO TFT, when V(g is above 5 V in transfer scanning
(Vps =0.1V), V, and Vg remained constant (Figure 3f), because
the accumulated carrier concentration is uniform along the
channel and the potentials are almost independent on Vg. The
potential drop Vyy saturates and well scales with the distances
between the probes at large Vg, ie., Vxx =Vps X Lyx/L. In
comparison, for IGZO-H TFT, V, and Vp gradually increase
(Figure 3b), suggesting the carrier concentration distribution
is not uniform and the potentials change with the increase of
Vis. Also, we found the potential drop Vxx < Vpg X Lyx/L and
Vxx continually increases with the increase of Vg, indicating
a highly conductive channel. If using the potentials to extract
the channel field-effect mobility by uppcy = (Lxx/ WCiVxx)
(0Ip/0Ves),1! the extracted values for IGZO TFT is close

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Effect of encapsulation layers and channel length scaling. a) Linear transfer curves with encapsulation layer of SiOy (350 nm, black), SiNy
(100 nm, red), or SiOx/SiNy (350/100 nm, blue). b) Linear transfer curves with encapsulation layer of SiOy/SiNy with varying the thickness of SiNy:
20 nm (black), 100 nm (blue), or 300 nm (red). All the devices were annealed at 350 °C for 1 h after the final deposition. Transfer characteristics
(Vbs = 0.1 V) of IGZO-H c) and IGZO d) TFTs with channel length L varying from 5 to 100 um (W = 20 pm) with optical images. The zoomed-in
images show the channel area with the semiconductor islands is narrower than the electrodes, avoiding the fringe current. e) Total resistance Ryor
against L for IGZO TFTs (black) and IGZO-H TFTs (red), with the latter enlarged as inset. The dots are measured data and the lines are linear fittings.

to upg extracted from transfer curves (Figure 3h). How-
ever, the extracted Uppcy of IGZO-H TFT is above
1000 cm? V! 571, much higher than ygg, extracted from transfer
curves in TFTs. The small voltage drop between the two voltage
probes suggests that most of the channel area is degenerately
doped and highly conducting, and the current is limited by the
resistance of short, less conducting regions near the contacts.
Thus, the standard mobility extraction from four-probe meas-
urements is not applicable for the IGZO-H TFT.

Accordingly, we propose that the wultrahigh apparent
mobility is not a reflection of a genuine high quality semi-
conducting channel, but results from a highly doped channel
region gapped by short, more resistive regions near the con-
tacts (Figure 4a). Essentially, the device operates with a much
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shorter effective channel length than the distance between the
source—drain electrodes. The high level of n-type doping in the
channel region could be caused by H-doping during the deposi-
tion of the encapsulation layer, where hydrogen atoms diffuse
from SiNy into the IGZO channel. Near and underneath the
Mo electrodes, this hydrogen diffusion may be blocked or
hydrogen may be adsorbed by the Mo giving rise to more resis-
tive contact regions. Actually, it has been proven that most of
metals including Mo easily adsorb hydrogens.??% The proposed
scenario is supported by another multiprobe measurement
where the inner probes are long enough to cross the channel
(see Figures S14-S15 Supporting Information for the analysis.).

The proposed mechanism is further examined by 2D TCAD
device simulations and SKPM measurements. For pristine IGZO

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED ADVANCED

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com
L dl
a (b) c d o _lxx dps
( ) 0.10— - - - (0,)10 . . . . ( gOOO#FE °H CiWVxx dVes
Vos = 2.1 —— V=01V
Vps = 0.1V

L | Vxx = Vp-Va 5000 Vo =05V
0.08 0.08r 1 —— V=09V
S0.06— Vi T g .
x
=004 vV, 1 > 004
A
2000
0.02- 1
1000
__E’!Q‘HPPP measurement
000l . 9 R '
5 10 15 20 10 15 20
VasV) Vs (V)
®)
0.10— T T r
——V =01V
DS
008 VDS =01V ——V,=05V
.08 1 ——V_ =09V
A ®
= — [
0.06}- 1
>><0 o | two-probe measurement
0.02 Va
0.00L— v v v ; Y
5 10 15 20 %055 0 15 20 % 5 20
VaV) VasV) Ves V)

Figure 3. Gated four-probe (GFP) measurements. a) Optical image of one IGZO-H TFT and the region near the probes is enlarged on the right.
b) Potential of probe A and B in IGZO-H TFT with Vps = 0.1 V. c) Potential drop Vyxx = Vg =V, as a function of Vg with various Vps. d) The extracted
channel field-effect mobility of IGZO-H TFT with various Vps by GFP measurements (dots) or transfer curves of TFTs (dashed lines). The corresponding
measurements of IGZO TFT are shown in (e-h).
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Figure 4. Simulations and scanning Kelvin probe microscope (SKPM) measurements. a) The proposed structure model, the red area represents
doped region with high carrier concentration and the blond area refer to pristine IGZO with no doping. b) The transfer characteristics in linear regime
(Vps = 0.1 V). c) Output curves. d) Simulated potential drops Vi under various Vps bias set. €) Schematic view of SKPM measurement. f) Measured
and g) simulated results of potential along the channel between probe A and B for both TFTs.
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TFT, the simulated transfer curves (Vpg = 0.1 V), output curves,
and the potential drop Vxx are in good accordance with experi-
mental results (Figures S16-S18, Supporting Information). The
mobility is set as 7.5 cm? V7! s7! and subgap states are provided
in Supporting Information. Using the same semiconductor
mobility but a high electron concentration as 9 x 10* cm™
in the channel (Figure 4a), the transfer and output curves of
IGZO-H TFT could be generally reproduced (Figures 4b,c).
The simulated potential drop between the probe A and probe
B also follows a rising trend against Vg and is much smaller
than (Vps X Lyxx/L) (Figure 4d), generally consistent with the
GFP measurement. Furthermore, the simulated potentials of
the top surface in the channel area are compared with the exper-
imental measurement of SKPM as shown in Figure 4f,g. The
merely doped region is only near the contact region regardless
of the total channel length, and thus the current enhancement
becomes much less significant in short channel devices. The
good agreement between simulations and SKPM measurements
also supports our proposed mechanism of IGZO-H TFTs.

Then various film characterizations have been carried out to
verify and understand hydrogen doping as shown below. The
elemental distributions of the films were examined by sec-
ondary ion mass spectrometry (SIMS). To exclude any signal
from the encapsulation layer, the SIMS depth profile data
were obtained after etching the SiNy/SiOy bilayer film. The
strongest indium signals from In were used as the reference to
which the other signals are normalized, as shown in Figure 5a
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(see the full signals Figure S19, Supporting Information). The
hydrogen signals in IGZO-H films (black squares) are notice-
ably stronger as compared with those of the IGZO film (open
squares). The different signal intensities suggest that hydrogen
atoms have been incorporated into the semiconductor upon
deposition and annealing of SINy, which is consistent with the
above proposed explanation for devices and probably similar to
the process employed in fabricating polycrystalline silicon.?!] A
cross-sectional scanning electron microscope (SEM) image of
the films is shown in Figure 5b and the proposed mechanism
of hydrogen entering IGZO during annealing is illustrated in
Figure 5c.

The impacts on chemical-bonding and electronic states are
further analyzed by the X-ray photoelectron spectroscopy (XPS)
measurement (Figure 5d,e). The oxygen 1s spectra of film are
deconvoluted into three peaks via Lorentzian-Gaussian fitting
with a Shirley type background.?2 The low binding energy
peak (O;) centered at 530.4 + 0.1 eV is related to oxygen ions
bonded to metal ions, ie., In—0O, Ga—0O, and Zn—O bonds.
The middle peak (O,) centered at 531.8 £ 0.1 eV is attributed
to oxygen defects such as O vacancies (Vo). The high binding
energy peak (Oj;) centered at 532.7 £ 0.1 eV is originated by
H,0 surface contaminants and adsorbed —COy.1*? The ratio of
oxygen defects extracted is 29.5% and 20.0% for the IGZO and
the IGZO-H films, respectively. According to previous studies,
the reduction of oxygen vacancies is probably related to oxygen
vacancies (Vo) that are substituted by hydrogen atoms.?3l At

(c) @ Hatom * Diffusion

—~
D
e

Intensity(a.u.)

530 532 534
Binding Energy(eV)

528

Figure 5. Film characterizations. a) Normalized intensity of the secondary ion mass spectrometry (SIMS) data for the In and H elements for IGZO
and IGZO-H films. b) A cross-sectional image of an optimized film taken by scanning electron microscope (SEM). c) A schematic view of postannealing
process in IGZO thin film. d) Data of X-ray photoelectron spectroscopy (XPS) for an IGZO film showing the peaks of the oxygen vacancies. e) Data
of XPS for an IGZO-H film showing the peaks of the oxygen vacancies.
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the meantime, we also observed a noticeable shift of valence
band maximum (VBM) in the IGZO-H film with respect to the
IGZO film in XPSI?**?4 (Figure $20, Supporting Information).
Considering that the bandgap (E,) of both films is almost the
same 3.69 eV (see UV absorption spectra in Figure S21, Sup-
porting Information), the shift of VBM implies increased car-
rier concentration or easier activation of free electrons!®’! in the
IGZO-H film as compared with the pristine IGZO film.

The reduced V, together with the colossally enhanced perfor-
mance calls into question what role V5 and hydrogen ions act
as in electron conductivity.?%! This warrants DFT calculations to
achieve a deeper understanding, which provide design rule for
both vacuum- and solution-deposited oxide semiconductors.!?’!
Calculations were carried out on the a-IGZO with or without
pre-existed Vg and the a-IGZO with H occupying the oxygen
vacancy (Vo) site (i.e., H-substitution or Hg) or interstitial

www.advancedscience.com

hydrogen (Hs),”® where the methods are described in the
Experimental Section.?”! In the a-IGZO lattice, the pre-existed
Vo has the formation energies of 0.85 eV in O-poor and 4.76 eV
in O-rich chemical potential limits, respectively (the formation
enthalpy of a-IGZO system is AHy = —3.91 eV at the ground
state temperature). Thus, the pre-existed V could be dominant
defects due to such low energy cost under O-poor limit. As the
Vo will leave two electrons trapped at the nearest neighboring
cationic sites, they would act as native point defects for elec-
trons pulling the electronic levels away from the conduction
band minimum (CBM). In the a-IGZO lattice with hydrogen,
Ho would be mainly discussed in the following as the results
of Hg are similar (but with slightly higher formation energy).
The calculated electronic orbitals (Figure 6a,b) indicate the
hydrogen form multicentered bond with local sites, similar to
finding in ZnO and MgO.%! The thermodynamic transition
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Figure 6. Density-functional theory (DFT) calculations and reliability tests. a) Calculated electronic orbitals in IGZO, where In = purple, Ga = green,
Zn = grey, and O = red. b) Calculated electronic orbitals in IGZO, where H = white. c) The calculated thermodynamic transition level of H-substitution
jons in IGZO before or after local relaxation. d) Density of states (DOS) of the IGZO with oxygen vacancies. e) DOS of the IGZO with H ions substi-
tuting oxygen vacancies before or after local relaxation. f) Shift of Vq, in positive gate-bias stressing (PGBS) or negative gate-bias stressing (NGBS) for
IGZO-H TFTs (black dots) or IGZO TFTs (red dots), respectively. g) Evolution of I in PGBS and NGBS (measured at Vi, =20V, Vs =20 V). h) Evolution
of Ip in long-term storage in ambient conditions. The black/red dots are the measured current at linear/saturated regime, respectively.

Adv. Sci. 2019, 6, 1801189 1801189 (7 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

levels (TTL) of Hg are calculated (Figure 6c¢). Other related cal-
culated results are shown in Figures S22 and S23 (Supporting
Information). The formation energy versus the Fermi level
(Eg) shows that the singly positive Hy, is always lower than the
one in the neutral state. Importantly, the reaction of the native
point defect with the atomic H, i.e., H + Vo—H, is found an
exothermic process with an effective negative formation heat
as —2.85 eV (the zero energy reference state is chosen at the
infinitely far from the reactant reservoir based on the Hess
Law thermodynamics). Thus, the +1 charge state (H+) can be
stable with different Fermi level positions varying through the
bandgap.?® Also, the H dopant in a-IGZO in terms of occu-
pying the pre-existed V site is expected to be predominantly
high in concentration, because the local structural lattice
relaxaton would further lower the total energy of the Hq even
under the O-rich condition (see the difference of the form-
aton of neutral Hy between unrelaxed and relaxed structural
configurations).

In total density of states (DOS), the IGZO with fourfold coor-
dinated Vg has extra gap-states about 1 eV from the CB edge
(Figure 6d). In contrast, in IGZO-H with substitutional or inter-
stitial hydrogen, there are no such gap-states but there are much
shallower donor-like states approaching the CB edge (Figure 6e).
From Figure 6c, the TTL of (0/+) for Hq stays at (Ey + 3.50 eV)
where Ey denotes the position of VBM. Considering that the
bandgap of the modeled a-IGZO is 3.54 eV, the ionization energy
of Ho in donating the electron into CB is rather small, i.e., only
several tens of meV. Hence, a small energetic threshold from
thermal activation or gate-field would be expected before trans-
ferring into delocalized conducting state with abundant mobile
electrons.tl This is consistent with our temperature-dependent
measurements which clearly reveal thermally-activated conduc-
tivities (Figure S24, Supporting Information).

Finally, we examine the impact in the device reliability. The
results indicate IGZO-H TFTs are more stable than pristine
IGZO TFTs (Figure 6f~h and Figure S5, Supporting Informa-
tion), as they exhibit a lower extent of Vqy-shifting and current-
decreasing in positive gate-bias stressing (PGBS, Vg = 20 V)
and negative gate-bias stressing (NGBS, Vgs = —20 V). After
PGBS for 3600 s, the current level decreases to 36% of the orig-
inal value in regular IGZO TFTs, while it keeps at over 96% in
IGZO-H TFTs (Figure 6f,g). Also, the IGZO-H TFTs basically
possess a long shelf-life, as demonstrated by the observed small
shift of Vry when kept in air for tens of days (Figure 6h). The
better reliability is attributed to encapsulation and probably
hydrogens that reduce active traps in the film.

In conclusion, optimized encapsulation layers of oxide TFTs
lead to observation of enhanced current. But such an effect is
limited in long channel devices and may lead to misunder-
standing of apparent mobility. The origin of enhanced current
and on—off ratio is the effective hydrogen-doping process due
to moderate diffusion of hydrogens from the encapsulation
layer with postannealing. Gated four-probe measurements with
scaling effect of channel length reveal that the IGZO have been
heavily doped in the channel, which is further verified by SKPM
and device simulations. By combining the characterizations of
elemental profiling, photoelectron spectroscopy, and DFT calcu-
lations, we confirm that the enhanced on—off ratio is attributed
to the degenerated channel area with stabilized hydrogens. The
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studies indicate that optimized encapsulation layers can stabi-
lize hydrogens in the channel and lead to enhanced on—off ratio
and improved reliability of oxide transistors.

Our study shows clearly that a thorough analysis is necessary
to understand the origin of very high apparent mobilities and
to avoid the mobility hype in thin-film transistors or field-effect
transistors with advanced semiconductors, in particular oxide
semiconductors. In our case, the real channel length is shorter
than what is defined by the source—drain electrode distance as
a result of H-doping of the channel; this causes an artifact in
the mobility extraction. However, the mode of device operation
identified here is potentially useful: we note that the narrow
undoped and resistive regions that are formed near the Mo
electrodes are surprisingly reproducible and result in impres-
sive device stability. With some optimization to form even
narrower, undoped contact regions this could potentially enable
fabrication of high-performance transistors with self-aligned
and sub-micrometer channel lengths, that are shorter than
what can be defined by the dimensions of several micrometers
of standard, top-down photo-lithographic techniques used for
source—drain electrode patterning.

Experimental Section

Fabrication of IGZO-H Films and TFTs: All the IGZO TFTs were in a
configuration of BGTC. For a regular IGZO TFT, an n-type heavily doped
Si wafer with 105 nm of PECVD-deposited SiOx or thermally grown
silicon dioxide (SiO,) was used as the bottom-gate electrode and the
gate dielectric. The measured capacitance per unit area of the SiO,
bottom gate was 32.8 nF cm™2. A 70 nm thick IGZO layer was deposited
on the wafer at 4 mTorr pressure and, at room temperature using a
radio-frequency sputter with the mixed gas O,:Ar = 1:1. The top contacts
were fabricated by depositing a Mo layer (200 nm) as the top source and
drain electrodes. The channel width and length were 400 and 200 pm,
respectively (defined by photo-lithography). The wet etchant for IGZO
and Mo were 1% HCl and a mix of HNOj, acetic acid, phosphoric acid,
and H,0 at the ratio of 5:30:120:60, respectively. Finally, the devices
were annealed at 350 °C for 1 h in nitrogen atmosphere.

For making IGZO-H TFTs, a bilayer film with 100 nm of silicon nitride
(SiNy) and 350 nm of SiOy was deposited using PECVD at 150 °C on
top of a pristine IGZO film with electrodes. During the deposition of
SiNyx and SiOy, the chamber pressure was 1.8 Torr and the power
was 20 W. In depositing SiNy, the source gases were 150 sccm SiH,/
N, (5%/95%), 7 sccm NHs, and 400 sccm N,. In depositing SiOy, the
source gases were 170 sccm SiH4/N, (5%/95%) and 710 sccm N,O.
Finally, the IGZO-H TFT was finished by annealing at 350 °C for 1 h
in nitrogen atmosphere. Before measurement, the contact holes were
photo-lithographically patterned and etched by reactive ion etching (RIE)
at room temperature. During the etching of SiNy and SiOy, the power
was 200 and 75 W, respectively. In etching SiNy, the source gases were
5 sccm O,, 20 scem CFy, and 50 sccm CHF3. In etching SiOy, the source
gases were 25 sccm CHF; and 25 sccm Ar.

Characterizations of Films and Devices: The elemental depth profiles were
investigated by SIMS. Because there is a capping layer above the IGZO-H
film, the SiNy/SiOx films were RIE etched before testing. The SIMS depth
profiling of hydrogen, indium, and silicon concentrations was measured
in both films. For the XPS measurements, an identical RIE process
was applied on the IGZO-H films before testing. The current-voltage
(I-V) characteristics of IGZO and IGZO-H TFTs were measured using a
semiconductor analyzer (Agilent B1500A) in ambient conditions, except
for the temperature-dependent measurement. It is worth mentioning that
the TFT measured by SKPM was built with L = 100 um, thus Figure 4f
have been normalized to 200 um for direct comparison.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Calculation of Device Parameters and Device Simulations: Drain current
of thin film transistors follows the equation Ip = (W/L) Ciu (Vs —Vrn) Vo
in the linear regime where Vp<<Vi. Then linear field-effect mobility
is extracted from transfer curves by: w;, = (VpLG/W) (dlp/dVss), and
average value is extracted by the slope of I against Vs. Linear mobility
is calculated as shown in Supporting Information. In saturated regime
(Ve<Vp), the current follows Ip = (W/2L) Cu(Ves —Vin)2 Then the
saturated field-effect mobility is extracted by tis, = (2LC;/W) (9o / OVss),
and average value is extracted by the slope of /Iy against V¢s. For the
TCAD 2D device simulations, the details are shown in the Supporting
Information.

DFT Calculations: 84 atoms were chosen (In;;Ga;;Zn;,0y4) in an
orthorhombic cell with lattice parameters of a = 8.03 A, b = 10.51 A, and
¢ =13.00 A. And the density was set to be 5.70 g cm™.12%%] The bond
ranges from 1.90 to 2.16 A for Zn—0, from 1.94 to 2.13 A for Ga—0O,
and from 2.08 to 2.38 A for In—O. The general coordination of Zn and
Ga sites are from 4 to 6 from tetrahedral to octahedral differently, while
the In sites are relatively rigid from 5 to 6 with only octahedral-like
coordination. The O sites are mainly three- and fourfold coordinated. 235!
For the plan-wave basis set, the cutoff energy was extended to 750 eV to
describe valence orbital components of In*, Ga*, and Zn?', as well as
the strongly localized states induced by 2p orbitals of O. To guarantee the
convergence and avoid the charge-spin out-sync sloshing, the ensemble
DFT (EDFT) method was uniformly chosen.?% The convergence tolerance
of total energy calculations was set to no higher than 5.0 x 1077 eV per
atom, and the optimizations of Hellmann—Feynman forces in defect
calculations were accomplished to lower than the level of 0.01 eV A~
The Baldereschi special k-point (%, %, and %4)B" with Gamma-center-off
was self-consistently selected. Regarding the geometry relaxation, the
algorithm based on Broyden—Fletcher-Goldfarb-Shannon (BFGS)
method has been used through all bulk and defect supercell calculations.
More details about calculations of electronic DOS and TTL are described
in Supporting Information. 232
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