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We investigated the effects of residual hydrogen in sputtering atmosphere on subgap states and
carrier transport in amorphous In-Ga-Zn-O (a-IGZO) using two sputtering systems with different
base pressures of ~107* and 10" Pa (standard (STD) and ultrahigh vacuum (UHV) sputtering,
respectively), which produce a-IGZO films with impurity hydrogen contents at the orders of 10%°
and 10" cm ™, respectively. Several subgap states were observed by hard X-ray photoemission
spectroscopy, i.e., peak-shape near-valence band maximum (near-VBM) states, shoulder-shape
near-VBM states, peak-shape near-conduction band minimum (near-CBM) states, and step-wise
near-CBM states. It was confirmed that the formation of these subgap states were affected strongly
by the residual hydrogen (possibly H,O). The step-wise near-CBM states were observed only in the
STD films deposited without O, gas flow and attributed to metallic In. Such step-wise near-CBM
state was not detected in the other films including the UHV films even deposited without O, flow,
substantiating that the metallic In is segregated by the strong reduction effect of the hydrogen/H,0.
Similarly, the density of the near-VBM states was very high for the STD films deposited without
O,. These films had low film density and are consistent with a model that voids in the amorphous
structure form a part of the near-VBM states. On the other hand, the UHV films had high film den-
sities and much less near-VBM states, keeping the possibility that some of the near-VBM states, in
particular, of the peak-shape ones, originate from —OH and weakly bonded oxygen. These results
indicate that 2% of excess O, flow is required for the STD sputtering to compensate the effects of
the residual hydrogen/H,O. The high-density near-VBM states and the metallic In segregation

deteriorated the electron mobility to 0.4 cmz/(V 8). © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936552]

I. INTRODUCTION

Amorphous oxide semiconductors (AOSs) represented
by amorphous In-Ga-Zn-O (a-IGZO) are promising materials
for channel layers in thin-film transistors (TFTs) due to their
large electron mobilities (>10 cmz/(V s)), small subthreshold
voltage swing (<0.2 V decade '), and low temperature fabri-
cation process.l’2 Therefore, a-IGZO TFTs have attracted
much attention and actually employed in high-resolution
and/or high-frame rate active-matrix liquid-crystal displays
and organic light-emitting diode displays.*~

It is known that conventional amorphous semiconductors
such as hydrogenated amorphous silicon (a-Si:H) have local-
ized tail states and subgap density of states (DOSs) originating
from their disordered structures and defects, which strongly
affect the carrier transport properties and often cause serious
deteriorations of device performances.6 Similar to a-Si:H, a-
IGZO has tail states and shallow electron traps, but their den-
sities are 2-3 orders of magnitude lower than those of a-
Si:H.” On the other hand, a-IGZO has high-density subgap
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defects in a very deep energy region just above the valence
band maximum (near-VBM states) and some films exhibit
signal peaks from the Fermi energy (Eg) (near-conduction
band minimum (CBM) states)®” as observed by photoemis-
sion spectroscopy. In these several years, near-VBM states
have gathered much attention because they are recognized to
be associated with the instability issues of TFTs, in particular
against light-illumination stress by subgap photons.'™'? Hard
X-ray photoemission spectroscopy (HAXPES), which
employs high-energy X-ray (hv=e.g., 6-8keV) from syn-
chrotron energy source, is useful to observe these subgap
defects and provides much reliable information from a deep
bulk region due to its large escape-depth (Jy) of photoelectron
(e.g., do=>5.8nm for a-IGZO with hv=7940eV).”'* Since
the report of the near-VBM states in a-IGZO by HAXPES,
many groups'>’ have investigated the origins of the near-
VBM states. Our group firstly indicated that oxygen deficien-
cies with free space (voids) would be a plausible origin based
on density functional theory (DFT) calculation;'®'° while,
weakly bonded (in other words, undercoordinated or disor-
dered) O is also considered as another origin based on experi-
mental results*® and beyond-DFT calculations.'>61->

© 2015 AIP Publishing LLC
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On the other hand, some groups including us have
reported that the usual a-IGZO films contain impurity hydro-
gen at concentrations [H] > 10*°cm™>,'"**° and the impu-
rity hydrogen exists as the form of —OH. The [H] values in
the films are reduced effectively to [H]>10""cm™ by
employing a much cleaner deposition chamber and/or intro-
ducing higher purity Ar and O, gases.25 27 The impurity
hydrogen causes many different effects; some hydrogen
atoms passivate shallow traps and improved TFT perform-
ance,”* while some ones cause extra threshold voltage (Vi)
shift (AVy)?® and temperature instability.29 Therefore, it is
proposed that the impurity hydrogen atoms in a-IGZO work
as shallow donors, but the generated free electrons are
trapped and compensated by excess oxygen atoms/molecules
incorporated during the film deposition and/or thermal
annealing.?*~*? Moreover, —OH is also an origin for the near-
VBM states as confirmed in Ref. 30. Recently, Sallis et al.
reported an unusual subgap feature in a-IGZO films sputtered
without O, supply, and detected the segregated metallic In in
their a-IGZO films by 4 keV HAXPES.*

In this work, we will show that the above results such as
In segregation and the density of the near-VBM states are
affected largely by the base pressure (Py,s.) Of the deposition
chamber and thus by the amount of the residual hydrogen in
the sputtering atmosphere. We employed two sputtering sys-
tems with different Py, (1074 and 1077 Pa, respectively) to
investigate the effects of residual hydrogen on subgap states
in a-IGZ0O. We found that the film structure (i.e., the film
density) and subgap defects depend largely on Py, in par-
ticular when films were deposited without O, supply. For
example, the impurity hydrogen caused a strong reduction
reaction in the poor Py, Sputtering process to segregate me-
tallic In as reported in Ref. 33, while such In segregation
was not detected for the good Py, films. Similarly, the poor
Ppase films exhibited much higher density of the near-VBM
states than the good Py, films. The poor Py, films exhib-
ited low film density, suggesting that oxygen deficient
atmosphere forms much defective (i.e., with voids) structure
in a-IGZO; while, thermal desorption spectra suggest that
some of the near-VBM states originate from —OH and
weakly bonded O.

Il. EXPERIMENT

A-IGZO films were grown at room temperature (RT)
using a polycrystalline InGaZnO, target with two radio-
frequency magnetron sputtering (REMS) systems with dif-
ferent Py,.; one is a conventional (standard, STD) RFMS
with usual Py, ~ 10~*Pa, and the other is ultrahigh vacuum
(UHV) REMS with Py, ~ 10"’ Pa. The hydrogen content in
the resulted films is at the orders of 10*° and 10190m73,
respectively, for the poor and good Py, RFMS.? Ar and O,
mixing gases were flown during the sputtering deposition
with the fixed total gas flow rate of 20 sccm and the fixed
total pressure of 0.55 Pa. The RF power of the STD sputter-
ing was 70 W and that of the UHV sputtering was 100 W,
which were chosen from our previous studies. The oxygen
flow rate ratio Ror =[05]/([O5] + [Ar]) was varied from 0%
to 5% for STD and from 0% to 1% for UHV because we
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have confirmed that the optimum R, were ~3% for STD
and <1% for UHV sputtering.

Optical transmittance (7) and reflectance (R) spectra
were measured with an ultraviolet—visible—near-infrared
spectrophotometer, and the absorption coefficient («) spectra
were obtained using the reflection correction equation
exp(—ad)=T/(1 —R) (d is the film thickness).***> The
grazing-incidence X-ray reflectivity spectroscopy (XRR)
was employed to evaluate the film density by fitting with a
three layers model composed of surface a-IGZO layer with
surface roughness/bulk a-IGZO layer/glass substrate. The
chemical compositions were measured by X-ray fluorescence
spectroscopy (XRF). HAXPES measurements were per-
formed at the BL15XU undulator beamline (excitation X-ray
energy: hv=15950.3¢eV) in SPring-8.>° Electrical properties
including conductivity (¢), Hall mobility (py.)1), and carrier
concentration (N.) were obtained by Hall effect measure-
ments using the van der Pauw configuration at RT. Thermal
desorption spectroscopy (TDS) was employed to investigate
the gas desorption behaviors (H,, O,, H,O, and Ar).

lll. RESULTS

Figure 1(a) shows the o spectra of the STD a-IGZO
films deposited at various Ro, =0%—5%. It is seen that the
R0z =0% film has a long tail subgap absorption extending
from the optical band gap (£, ~ 3.0eV, determined by Tauc’
plot) at least down to the near-infrared region 0.5eV. The
subgap absorption intensity is reduced significantly when
R, was increased only to 1% and almost eliminated at
R0z =3% (note that this is the optimum condition to produce
good a-IGZO TFTs without post-fabrication thermal anneal-
ing?>*"). Unlike the STD films, the UHV film deposited at
Ro>=0% showed much weaker subgap absorption resem-
bling to the STD Rp, = 1% film (Fig. 1(b)). Very slight addi-
tion of oxygen at Ro, =0.1% was enough to eliminate the
subgap absorption in the UHV film, whose o spectrum is
similar to those of the STD 3% and 5% films.

HAXPES spectra show several subgap states as seen in
Figs. 2(a) and 2(b), i.e., peak-shape near-VBM states (See
the energy region from the VBM energy (Evgm) to 1.5eV
for the Ro, =0% in Fig. 2(a). Weak but similar features are
detected also in the other STD films.), shoulder-shape near-
VBM states (see the UHV films in Fig. 2(b)), peak-shape

(b)
103
g 10*
£
103
> Ro2= s
3% and 5 % 5 0.1and 1%
10
1 2 3 4 5 6 1 2 3 4 5 6

Photon energy (eV) Photon energy (eV)

FIG. 1. Optical absorption () spectra of films deposited by (a) STD and (b)
UHV sputtering with various Ro,. The STD Ro, = 0% film shows a long tail
subgap absorption from E, at least to 0.5eV, while such strong subgap
absorption was not observed in the UHV Rg, = 0% film.
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FIG. 2. HAXPES spectra around the band gap region for (a) STD and (b)
UHV a-IGZO as a function of Rp,. The VBM energies (Eygpy) are shown by
the cross sections of the dashed straight lines in the figures.

near-CBM states (all the films except for the STD Rp, =0%
film), and step-wise near-CBM states (the STD Rp, =0%
film). As already reported, a-IGZO films have high-density
occupied defect states extending from Eygy to ~1.5eV to-
ward EF.8 In particular, the STD Ro, =0% film has very
high-density near-VBM states with a peak-type shape. The
density of the near-VBM states decreased dramatically when
R was increased only to 1% and leveled off at higher Rp5.
On the other hand, the UHV 0% film exhibited much smaller
density of the near-VBM states. These results correspond
well to the small subgap absorption of the UHV 0% film in
Fig. 1(b).

It is also found that the subgap states in the STD 0%
film include extra near-CBM states other than the usual near-
VBM states (usually appear from VBM to ~1.5eV above
VBM) because a step-wise continuous signal extends from
1.5eV to Eg, whose shape resembles the DOS of a metal
(step-wise near-CBM states). As seen in the HAXPES core
spectra in Fig. 3, only the In 3d spectra of the STD 0% film
show satellite peaks at 443.9 and 451.5eV beside the main
peaks at 445.3 and 452.8 eV, respectively, where the main
peaks are attributed to the In®" state in oxides and the satel-
lite peaks to metallic indium (In®),***® which is consistent
with the metal-like step-wise near-CBM states extending to
Er in Fig. 2(a) and the strong subgap optical absorption in
Fig. 1(a). As reported in Ref. 29 by DFT, it would be reason-
able to consider that oxygen deficiencies are formed prefera-
bly near In ions because of the smallest In-O bonding
energy among the metal—O ones in a-IGZO, which would
lead to the segregation of In’. It should be noted that such
In” segregation was not detected in the UHV films even de-
posited without O, supply (Ro, = 0%). From these results,
we conclude that the long tail subgap absorption in Fig. 1(a)
comes from the metal-like step-wise near-CBM states in Fig.
2(a). The segregation of the In” and the consequent forma-
tion of the near-CBM states were already reported in Ref.
33. However, the present result shows that this In” segrega-
tion behavior is not inherent to a-IGZO growth but should be
attributed to residual hydrogen in a sputtering atmosphere.

Different from the STD 0% films, broad peak-shape
near-CBM states, which are strikingly different from the
metal-like step-wise shape, are observed in all the other STD
and UHV films. The peak-shape near-CBM states were
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FIG. 3. HAXPES core spectra for (a) STD and (b) UHV films. The peak
intensities and the peak energies are calculated by those of In 3d.

already reported” and observed in good a-IGZO films rather
than defective films.>? On the other hand, the STD 0% films
exhibited the step-wise near-CBM states and they are similar
to the HAXPES spectrum of In metal as compared in Figs.
4(a) and 4(b). Therefore, we can safely conclude that the
step-wise near-CBM states are attributed to In metal.
However, these still remains a possibility that the peak-shape
near-CBM states observed in the other films originate also
from other types of In segregations such as small In clusters.
Therefore, we performed first-principles DFT calculations
using a VASP code.* Figure 4(c) compares the DOSs calcu-
lated for In clusters with various diameters (D =0.7 nm for
Ing cluster and 1.2 nm for Inys cluster), that of bulk In metal,
and the HAXPES spectrum of the STD 3% film with the
peak-shape near-CBM states. We can see that the Ings cluster
and larger models including bulk In have rather flat DOSs
while the near-CBM states of the STD 3% film have a peak
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shape with a clear valley at ~—1.0eV. Although the very
small Ing cluster has a peak shape similar to the observed
near-CBM states, but the peak width of its DOS is almost
double of that of the observed near-CBM states. Therefore,
we exclude the In cluster segregation from a possible origin
of the peak-shape near-CBM state.

Here, we like to discuss origins of the near-VBM states.
Although the STD 0% film had the very high-density near-
VBM states as seen in Fig. 2(a), the density of the near-
VBM states in the UHV 0% film was much lower. They
were reduced significantly when appropriate amounts of O,
gas were supplied for the sputtering deposition. To examine
the possibility of voids as an origin of near-VBM states, film
densities were measured by XRR as shown in Fig. 5. Figure
5(a) shows an example of XRR spectrum for the STD 3% a-
IGZO film with the thickness of ~40nm. It is seen that the
three layers model provided good fitting results, guarantee-
ing the reliability of the obtained parameters such as the film
density, thickness, and surface roughness. Figure 5(b) shows
the XRR spectra magnified in the vicinity of the critical
angles of the STD and the UHV films as a function of R,
which shows that the density of the STD a-IGZO films
decreases with decreasing Rg,, while that of the UHV a-
IGZO films almost unchanged as summarized in Fig. 5(c). It
should be noted that only the STD film deposited without O,
(i.e., Ro,=0%) has the very low density p=5.93 g/cm’,
which is much smaller than those of the STD films deposited
with O (i.e., Ros > 1%) and those of the UHV films. It indi-
cates that the STD 0% film is much defective with voids
(probably nanometer size or less), which would reasonably
be attributed to oxygen deficiency.

On the other hand, the UHV film shows a larger density
p=06.12g/cm’ than that of the STD 0% film even if depos-
ited without O, (i.e., Rop =0%). The p value of the UHV
film is reduced slightly to 6.08 g/cm® at Ry, =0.1% or
higher, which is attributed to the chemical composition
change as observed by XRF in Fig. 6. Figure 6(a) shows the
XRF core spectra of Ga Ko and Zn Ko normalized by

—
o
NaZ
~
(=3
=

STD, Ro2=3 %

Observed
Fitting

UHV, Ry =
0%
—01

—1

1/ IR (a.u.)
1/ItR (a.u.)

056 0.64 0.72 0.56 0.64 0.72
20 (°)

corresponding In Ko spectra (i.e., the peak intensities in Fig.
6(a) correspond to the Ga/In and the Zn/In ratios) for the
STD and the UHV a-IGZO films, which are summarized in
Fig. 6(b) (the peak area ratios were converted to the atomic
ratios by the calibration procedure reported in Ref. 25). As
reported in this reference, the UHV a-IGZO films had almost
stoichiometric compositions of In:Ga:Zn = 1:1.03:1.06 when
Roy is 0.1% or larger, while the Zn and Ga contents were
reduced slightly to In:Ga:Zn =1:0.95:0.91 when Rq; is 0%,
which would explain the larger p of the UHV 0% film than
that of the UHV 0.1%-1% films as observed in Fig. 5(b)
because the molecular weight is larger for the In-rich compo-
sitions. On the other hand, all the STD films have lower Zn
contents with [Zn]/[In] ~ 0.6, which is consistent with our
previous report.”’

IV. DISCUSSION

To explain the different behaviors between the STD and
the UHV a-IGZO films, first we considered the effects of re-
sidual hydrogen in the sputtering chamber. As seen in the o
spectra (Fig. 1) and HAXPES spectra (Fig. 2), the R, values
required to attain the small subgap states is much larger for
the STD films (Rg, > 1%) than that for the UHV films
(Ro>>0.1%). Moreover, the very high-density near-VBM
states and the step-wise near-CBM states originating from
the In” segregation were detected only in the STD 0% film,
suggesting that residual hydrogen causes the strong reduction
reaction during deposition, leading to the formation of these
defects.

As for the origin of the near-VBM states, we reported
that the near-VBM states come not only from the voids and
weakly bonded O but also from —OH.? In the case of the
STD 0% film, we observed the large reduction of the film
density, and it is consistent with a model that voids would be
an origin of the near-VBM states. On the other hand, since
the higher-density near-VBM states were observed in the
STD films, there remains possibility that impurity hydrogen

(©)
6.21 o FIG. 5. XRR spectra. (a) An example
- . \._. of XRR full spectra for the STD 3% a-
& 6.1 N\, - IGZO film with raw data and fitting
% result. (b) XRR spectra in the vicinity
< 60r of critical angles of the STD and the
& —0—STD (Pyase ~10-* Pa) UHV films with various Rp,. (c) Film
5-9‘I I—I—UHVI(Pmsc~10’7 Pa) densities of the STD and the UHV a-

00.1 1 5 IGZO films as a function of Rq5.

Ro2 (%)
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forms a part of the near-VBM states. To figure out the chem-
ical bonding states of impurity hydrogen, we performed TDS
measurements. Figure 7 shows the TDS spectra of desorption
gases such as H,, O,, H,O, and Ar for the STD and the UHV
a-1GZO films. First, we should note that the H,, O,, and H,O
desorption are negligible for all the UHV films while those
from the STD films are very high in particular, for H,O. It is
thought that the residual gas in vacuum chamber evacuated
with a turbo molecular pump (i.e., not a cryopump neither a
getter pump) would contain H,O, H,, etc., and the chemical
species generated in plasma may be H, H,, OH, H,0, and
related ions/excited species. This TDS result implies that the
major species to affect the film growth would be H,O and
OH rather than H and H,. It is seen that large amounts of
H>0 were desorbed at Tyesorp = 200400 °C for the STD 0%
films. Although the other STD films also showed H,O de-
sorption, but their Tyeerp are much higher, 300-600°C.
Similarly, O, desorption was also detected for all the STD
films, but Tgesorp Of the STD 0% film is much lower
(200400°C) than those of the other STD films
(300-600 °C). On the other hand, all the UHV films did not
exhibit detectable desorption of H,, O,, and H,O (note that
the H>O desorption at Tyesorp < 200 °C should be attributed
to physical adsorption). These results indicate that the impu-
rity hydrogen incorporated from the residual gas in the sput-
tering chamber (i.e., for the STD films) produces weakly
bonded O, H, and —OH. These results are consistent with our
previous reports® and follow the model that the impurity
hydrogen in a-IGZO films mostly exists as the form of —-OH

g [ M/z =2 (Hy) 0.4 -M/z=32(02)
STD. Ro>»= UHV, R = s qﬁ%
el 0% —e—0% 03 4
< »7071 —v—1 F
— —o—3
T 4 027
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FIG. 7. TDS spectra of H,, H,O, O,, and Ar for STD and UHV a-IGZO
films as a function of Rg».
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and desorb as H,O molecules at high temperatures. Further,
sputtering without O, supply further weakens their chemical
bonds; in other words, the STD 0% film includes very weak
chemical bonds. Therefore, the possibility that weakly
bonded O and H form a part of the near-VBM states is not
excluded.

Next, we like to note about an origin of the low p of the
STD 0% film. It would be natural to consider that void struc-
tures are formed in the amorphous structures and cause the
low film density. However, it would also be hard to imagine
that large voids are maintained in films without any inclusion
atom/ion; therefore, here we like to discuss possibility of
inclusion of some atoms in voids. The Ar TDS spectra in
Fig. 7 show a large amount of Ar desorption only in the STD
0% film, suggesting that Ar atoms are included during the
film deposition without O, in a poor Py, deposition cham-
ber. However, occupation of an Ar atom instead of an O ion
should increase the p because Ar has the larger atom mass of
M o, =40 than that of O (Mg = 16). On the other hand, if an
Ar occupies a metal ion site (c¢f. Mz,=654, Mg,=69.7,
M, = 114.8), the inclusion of Ar can be a possible origin of
the low p. Other possibilities such as inclusion of light
atoms/ions such as weakly bonded O, O,, Ho, and H™ would
also be considered.

At last, we investigated the effects of the subgap states
on the electron transport. Table I summarizes electrical con-
ductivity g, electron density N., and electron mobility .y
measured by Hall effect measurements for the STD and the
UHV films. Both the STD 0% film and the UHV 0% film
have similar high N, ~ 10" cm ™, but only the STD 0% film
exhibited very low pya;~ 0.41 em?/(V s) while the other
films have reasonable . =5-12 cmz/(V s). This deteriora-
tion in the electron mobility should be related to the very
high-density near-VBM states and the In” segregation. Since
the near-VBM states are fully occupied and would be charge
neutral, and are very deep from Eg, we consider that their
scattering effect is not so large; therefore, the mobility

TABLE 1. Transport properties (g, N, and pigga;) of STD (Ro, =0% and
3%) and UHV (Rp = 0% and 1%) a-1IGZO films.

Prase Ro, a(Sem™ ) Ne(em™)  pian cm?/(V s))
STD (~10"*Pa) 0% 478 7.32 x 10" 0.41

3% 248x107* 279 x 10" 5.55
UHV (~1077Pa) 0% 2.69 x 10 1.43 x 10" 11.8

1% 741x10°% 593x10" 5.13
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deterioration would be caused by locally inhomogeneous
structures altered by these defects.

V. CONCLUSION

We investigated the effects of residual hydrogen in sput-
tering deposition on subgap states and electron transport in
a-IGZO films by employing two sputtering systems with dif-
ferent Pp,s. The residual hydrogen/H,O causes the strong
reduction reaction which enhances the formation of the
peak-shape near-VBM states and the step-wise near-CBM
states. The latter is attributed to the segregation of metallic
In®, which is enhanced by the residual hydrogen/H,O and
specific to the poor Py, deposition system. The a-IGZO
films deposited by the poor Py, sputtering without O, sup-
ply had very high-density near-VBM states, which is related
to low film density (i.e., voids), impurity hydrogen (—OH),
and weakly bonded O. The very high-density near-VBM
states and the In” segregation deteriorated the electron mo-
bility down to pgga ~ 0.4 cmz/(V s), which would be caused
by locally inhomogeneous structures altered by these defects.
Decreasing the residual hydrogen/H,O suppresses the forma-
tion of near-VBM states and the segregation of In” signifi-
cantly even if O, is not supplied during sputtering
deposition; in other words, 2% of excess O, flow is required
for the poor P, sputtering to compensate the reduction
effects of the hydrogen.
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