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a b s t r a c t
The effect of nitrogen doping in Ge–In–Ga–O (GIGO) semiconductors was investigated via thin ﬁlm characterization and the evaluation of the associated thin ﬁlm transistor (TFT) properties. As the nitrogen
content [N2 /(Ar + O2 + N2 )] increases from 0% to 40% during the sputter deposition, the threshold voltage (Vth ) of the corresponding TFT devices shifts toward positive values (from −1.88 to 3.08 V) and the
subthreshold swing decreases (from 0.40 to 0.18 V/decade) accordingly, while the amount of Vth shift
(Vth ) by hysteresis is suppressed (from 1.33 to 0.22 V). In particular, the device stability under negative
gate bias (−20 V) stress for 3 h improves considerably with total threshold voltage shift (Vth ) values of
−6.25 V and −0.69 V. As the amount of nitrogen incorporated in the semiconductor increase, the device
FE decreases signiﬁcantly (from 19.3 to 5.76 cm2 /V s). Temperature dependent analyses suggest that
Coulombic scattering of the carriers near the nitrogen species is the major mechanism of such mobility
degradation.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Thin ﬁlm transistors (TFT) based on amorphous oxide semiconductors have recently emerged as promising candidates for the
substitution of their amorphous silicon or polycrystalline silicon
counterparts, especially for switching or driving device applications in ﬂat panel displays [1]. Once the device performance
parameters such as a sufﬁciently high ﬁeld effect mobility (FE )
with reasonable threshold voltage (Vth ) and subthreshold swing
(SS) values are acquired, device reliability over prolonged use
becomes a major concern. Many research groups have attempted
to improve the stability of oxide semiconductor TFTs with respect
to negative bias stress by optimizing the gate insulator [2], the
semiconductor deposition conditions [3], or the passivation layers protecting the semiconductor from moisture permeation [4].
Alternatively, quite a few studies reported on the incorporation
of nitrogen into oxide semiconductors during the sputter deposition [5,6]. In the latter, in situ nitrogen doping was found to
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enhance the stability of the TFT devices, which is generally suggested to occur by the decrease in the density of defect states in the
semiconductor.
While most of the above reports involved the incorporation
of nitrogen in In–Ga–Zn–O (IGZO), the present work describes
nitrogen doping effects on an alternative oxide semiconductor,
namely Ge–In–Ga–O (GIGO). The inﬂuence of nitrogen is examined
with an emphasis on the GIGO ﬁlm properties that determine the
corresponding TFT device performance and stability. Reactive RF
sputtering is used with a mixture of nitrogen, argon and oxygen
gas plasma in order to grow GIGO ﬁlms with different nitrogen
contents. An examination of the X-ray absorption near edge structure (XANES) provides valuable information on possible bonding
environments of the nitrogen species within GIGO, which may also
be valid in any oxide semiconductor material in general, such as
IGZO. Also, X-ray photoelectron spectroscopy (XPS) results indicate
that a large portion of the nitrogen incorporated in the semiconductor occupies oxygen deﬁcient sites, which leads to the passivation
of defects associated with oxygen vacancies. As the amount of
nitrogen in the GIGO ﬁlm increases, the corresponding TFT devices
become more stable with respect to negative bias stress at relatively
high nitrogen contents, at the expense of ﬁeld effect mobility. Temperature dependent analyses suggest that the mobility
degradation occurs mainly due to increased Coulombic scattering
effects.
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2. Experimental
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3. Results and discussion
3.1. Electrical properties of GIGO ﬁlms
The electrical properties of the GIGO ﬁlms with respect to nitrogen content were studied by Hall measurements (Fig. 1). GIGO ﬁlms
were deposited on glass using a range of nitrogen partial pressure
from 0 to 40%. As the nitrogen partial pressure increases, the carrier
concentration and Hall mobility decreases by approximately one
order of magnitude, and the electrical resistivity increases by the
same amount. Undoped GIGO ﬁlms exhibit an average carrier concentration of 1.03 × 1016 cm−3 and Hall mobility of 18.5 cm2 /V s,
but at a higher nitrogen partial pressure (pN2 = 40%) the average carrier concentration and Hall mobility are approximately
4.07 × 1015 cm−3 and 4.2 cm2 /V s, respectivly.
3.2. Bonding environments in GIGO ﬁlms
The N K-edge XANES spectra of the GIGO ﬁlms grown under different N2 partial pressures are shown in Fig. 2, in total electron yield
mode. The spectra in Fig. 2 demonstrates noticeable evolution of the
nitrogen K-edge signal as the nitrogen partial pressure increases,
which is indicative of increasing nitrogen content in the ﬁlm. All
spectra consist of a dominant single peak located at 401.1 eV. This
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Fig. 1. Hall measurement parameters of GIGO ﬁlms with respect to the nitrogen
partial pressure during growth.

N K-edge

TEY (arb.units)

pN2 20%
pN2 40%

399.4eV

390

395

400

405

410

Photon energy(eV)
Fig. 2. Normalized XANES spectra (N K-edge) of the GIGO ﬁlms grown with different
nitrogen partial pressures.
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GIGO layers were grown by reactive RF sputtering on heavily
doped p-type Si substrates with a thermal SiO2 (100 nm) layer
grown on the surface. A mixture of Ar, O2 , and N2 gas plasma was
used, and the deposition was carried out at a pressure of 1 mTorr.
The nitrogen partial pressure (pN2 = N2 /(Ar + O2 + N2 )) was adjusted
from 0% to 40% by controlling the nitrogen gas ﬂow rate, and the
oxygen partial pressure, total gas ﬂow, and RF power were set
to 10%, 50 sccm, and 100 W respectively. To fabricate TFT devices,
the active islands were patterned by shadow masking. Indium tin
oxide (ITO) layers were then sputter deposited with a thickness of
100 nm, forming the source/drain electrodes using a shadow mask.
Finally, the devices were annealed at 350 ◦ C for 1 h in air. The channel width (W) and length (L) were designed to be W = 800 m and
L = 200 m, respectively.
The electrical properties, chemical bonding environment and
electronic structure, morphology and optical characteristics of the
deposited ﬁlms were characterized by Hall measurement, XPS, Xray absorption spectroscopy, and atomic force microscopy (AFM),
respectively. All device characteristics were evaluated using an Agilent 4155A semiconductor parameter analyzer in the dark at room
temperature.
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Fig. 3. N 1s core-level photoemission spectra of the GIGO ﬁlms grown with different
nitrogen partial pressures.

sharp peak energy is close to the position that has formerly been
reported to correspond to that of molecular nitrogen, but also to the
transitions involving hybridized N 2p and metal (M) 3d orbitals.
Also, a weak peak is observed in the spectra at approximately
399.4 eV. This weak peak may corresponds to either the transition
involving hybridized N 2p and M 3d orbitals, or the 1s-2p transition in a N O bond [7]. The nitrogen in the GIGO ﬁlms may thus
form bonds with the metal cations and the oxygen anions, or exist
as molecular nitrogen.
XPS analyses were performed to obtain quantitative and qualitative information on the chemical bonding in the ﬁlms. To identify
the bonding states of nitrogen, XPS spectra were collected using a
Mg beam source as shown in Fig. 3. The N 1s spectra consist of
two dominant peaks centered at 397.5 eV and 403.4 eV, which are
usually attributed to Ga-N bonds or NO2 , respectively [7,8]. As the
amount of incorporated nitrogen increases, the latter two peaks
become more intense. The above results strongly suggest that nitrogen may form a strong bond with gallium cations, or exist as NO2 ,
which agree well with the information obtained from the XANES
analyses.
The O 1s spectra could be deconvoluted into three nearly Gaussian distributions (O1, O2, O3) in Fig. 4(a) and (b). The low bonding
energy peak (O1) at 530.7 eV is in general correlated to the O2−
ions in the lattice surrounded by the Ga, Ge, and In cations, and
is representative of the amount of fully ionized oxygen anions [9].
The higher bonding energy peak (O3) at 532.5 eV originates from
chemisorbed or dissociated oxygen, or OH species on the surface of
a ﬁlm [10]. Finally, the peak in the middle (O2) at 531.4 eV is usually attributed to O2− ions in an oxygen deﬁcient environment [11].
As shown in Fig. 4(c), the areal fraction of the O2 peak (O2 /Ototal )
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Fig. 5. (a) Transfer characteristics and (b) hysteresis curves of GIGO TFTs with
respect to nitrogen partial pressure during growth. The inset shows a schematic
cross-sectional diagram of the GIGO TFT structure.

30

25

0

5

10

15

20

pN2 (%)
Fig. 4. XPS spectra of O 1s core level for (a) undoped GIGO and (b) GIGO grown with
a nitrogen partial pressure of 40%. (c) The relative ratio of O2 peak (O2 /Ototal ) as a
function of nitrogen partial pressure.

decreases from 40.90% to 31.68% as the nitrogen partial pressure is
increased from 0 to 20%, which suggests that a considerable portion
of the incorporated nitrogen atoms ﬁlls in the oxygen vacant sites.
3.3. TFT devices incorporating GIGO semiconductors
A schematic cross-sectional TFT device structure is depicted in
the inset of Fig. 5(a), which consists of an inverted stagerred bottom
gate conﬁguration. The representative transfer characteristics and
hysteresis curves of the GIGO devices with respect to the nitrogen partial pressure are shown in Fig. 5(a) and (b), respectively.
The drain current (Ids ) was measured in a dark box as the gate
voltage (Vgs ) was swept from −20 V to 20 V, with the drain voltage (Vds ) ﬁxed at 10.1 V. The saturation mobility (sat ) and the
Vth were deﬁned from a linear extrapolation of the square root
of IDS versus VGS [12]. The representative electrical parameters
of the GIGO TFTs fabricated under different nitrogen partial pressure values are listed in Table 1. As the nitrogen partial pressure is

increased from 0% to 40%, the saturation mobility, the subthreshold
swing, and the amount of Vth shift (Vth ) due to hysteresis decrease
from 19.28 ± 2.66 cm2 /V s, 0.40 ± 0.01 V/decade, and 1.33 V down to
5.76 ± 0.76 cm2 /V s, 0.18 ± 0.01 V/decade, and 0.22 V, respectively.
The Vth increases from −1.88 ± 0.74 V to 3.08 ± 1.91 V. The TFT
parameters indicate that nitrogen acts indeed as a carrier suppressor, as the Hall measurements suggested earlier in Fig. 1. From the
XPS analyses, it is reasonable to conclude that the nitrogen occupying the oxygen vacant sites consequently passivate the defects
related to oxygen vacancies that may act as free carrier donors or
charge trap centers. As the nitrogen content increases, the decrease
in FE and increase in Vth may be correlated to the decrease in
free carrier density. The subthreshold swing is usually known to
increase with the defect density in the semiconductor bulk (Nss )
and the semiconductor/dielectric interface (Dit ) [13]:
SS =

qkB T (NSS tch + Dit )
Ci log(e)

where q is the single electron charge, kB the Boltzmann
constant, T the absolute temperature in Kelvin, and tch the
active channel layer thickness. Nss and Dit were each estimated by ﬁxing the other variable to zero (Table 1). As the
nitrogen content increases, the Nss and Dit were signiﬁcantly
decreased from 4.03 × 1017 eV−1 cm−3 and 1.12 × 1012 eV−1 cm−2
to 1.81 × 1017 eV−1 cm−3 and 5.44 × 1011 eV−1 cm−2 , respectively.
Therefore, the improvement in TFT performance for GIGO devices
can be attributed to the reduced NSS and/or Dit because electron
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Table 1
Representative device parameters of GIGO TFTs as a function of nitrogen partial pressure during GIGO growth.
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Vth (V)
−1.88
0.34
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0.74
1.42
0.33
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0.40
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0.24
0.18
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0.01
0.01
0.04
0.01

carrier trapping is directly proportional to the total number of available trap sites at the GIGO interface and bulk region. It may thus
be concluded that the addition of nitrogen during GIGO growth
reduces the density of defects in the resulting TFT devices.
The stability of the devices was evaluated under negative bias
stress (NBS), applying a constant gate bias Vgs = −20 V, and a drain
gias Vds = 10.1 V for 3 h. The evolution of the transfer curves is illustrated in Fig. 6. As a the stress time increses, the transfer curves of all
the devices undergo parallel negative shifts without any signiﬁcant
degradation in device performance. After 3 h of NBS, a total threshold voltage shift (Vth ) of approximately −6.25 V is observed for
the device made with undoped GIGO (Fig. 6(a)), while the device
with GIGO grown under pN2 = 40% exhibits a total Vth = −0.69 V
only (Fig. 6(b)). The large negative Vth in the case of undoped
GIGO may be associated with the generation of excess free carriers from the metastable oxygen vacancies during the negative bias
stress. The higher density of either bulk or interfacial defects in
the undoped GIGO device as determined by the SS values above is
suspected to have a critical inﬂuence on the device stability. Since
there is no presence of photon radiation, it is reasonable to conclude
that the major defects inﬂuencing the device stability are located
at the semiconductor/gate dielectric interface. The decrease in the
current levels with increasing amount of incorporated nitrogen is
results from the passivation of oxygen vacancies, which suppresses
the release of excess free electrons before, during, and after bias
stress.

Hysteresis (V)

Nss (eV−1 cm−3 )

Nit (eV−1 cm−2 )

1.33
0.95
0.61
0.22

4.03 × 10
3.12 × 1017
2.42 × 1017
1.81 × 1017

1.12 × 1012
9.36 × 1011
7.25 × 1011
5.44 × 1011

17

-3

10

(a)
-5

10

VG=-20V
0s
10s
100s
1000s
3600s
7200s
10800s

-7

10
Id(A)

FET (cm2 /V s)

-9

10

-11

10

-13

10

-20

-10

0

10

20

10

20

Vg(V)
-3

10

(b)
-5

10

-7

10
Id(A)

pN2 (%)

-9

10

-11

10
3.4. Origin of mobility degradation in N-doped GIGO
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To further investigate the effect of nitrogen doping on the deterioration of the FE in the TFT devices, scattering mechanisms may
be considered. The total effective mobility in a solid is deﬁned by
Matthiessen’s rule:

ı
1
= ˇT ˛ +  + ,
eff
T
where ˛, ˇ, , and ı are all positive and temperature independenct constants. Differentiating the above equation with respect
to temperature T, we obtain:
d(1/eff )
dT

ı
= ˇ˛T ˛−1 + 0 − 2 ,
T
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where eff is the total effective mobility, ph is the mobility limited
by phonon scattering, sr is the mobility limited by surface roughness scattering, and cb is the mobility limited by Coulombic
scattering.
AFM was performed in order to examine the surface roughness
of various GIGO ﬁlms (as not shown here). The root mean square
roughness (rrms ) values were all similar, ranging between 0.15 and
0.17 nm, regardless of the nitrogen partial pressure. Thus surface
roughness scattering may be neglected. The temperature dependence of the mobility was studied next, considering the following
relation:
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Fig. 6. Evolution of TFT transfer characteristics under negative bias stress for devices
using (a) undoped GIGO and (b) GIGO grown with pN2 = 40%. (c) Time evolution of
the threshold voltage under negative bias stress for devices using GIGO ﬁlms grown
with different nitrogen partial pressures.

If the slope in the plot of 1/eff versus temperature is positive, phonon scattering may be assumed to dominate, and
if a negative slope is obtained, one may anticipate Coulombic scattering to take effect in the mobility deterioration [14].
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4. Conclusion
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In the present work, the effect of nitrogen partial pressure during sputter deposition of GIGO ﬁlms was studied. The nitrogen
content in the GIGO ﬁlms increased with increasing nitrogen partial
pressure, and Hall measurements showed that the carrier concentration decreases with increasing pN2 . XANES and XPS analyses
indicated that the nitrogen atoms are likely to form strong bonds
with gallium ions and occupy a portion of the oxygen vacant sites.
TFT devices were evaluated in terms of electrical performance and
stability under negative bias stress. The addition of nitrogen was
found to improve the stability of the GIGO devices by reducing the
number of oxygen vacancy related defects. The decrease in device
FE with increasing amount of nitrogen was investigated using
Mathiessen’s rule. The temperature dependence of the mobility
strongly suggested that the mobility degradation is due to Coulombic scattering effects.
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The temperature dependence of the inverse mobility was extracted
from the transfer characteristics, and the results are shown in
Fig. 7. The FE of a GIGO TFT fabricated with pN2 = 40% is shown
in Fig. 7(a), for a range of Vg − Vth values. The mobility increases
with temperature. All GIGO TFTs regardless of the nitrogen partial
pressure exhibit an increase in mobility with increasing temperature in Fig. 7(b). The slope in the plot of 1/eff versus temperature
is negative, thus Coulombic scattering is highly likely to dominate
and increase with the addition of nitrogen.
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