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The first direct measurement is reported of the bulk density of deep states in amorphous IGZ0O
(indium-gallium-zinc oxide) semiconductor by means of deep-level transient spectroscopy
(DLTS). The device under test is a Schottky diode of amorphous IGZO semiconductor on a
palladium (Pd) Schottky-barrier electrode and with a molybdenum (Mo) Ohmic contact at the top.
The DLTS technique allows to independently measure the energy and spatial distribution of
subgap states in the IGZO thin film. The subgap trap concentration has a double exponential
distribution as a function energy, with a value of ~10'?cm™eV ™" at the conduction band edge
and a value of ~10" cm™ eV ™" at an energy of 0.55 eV below the conduction band. Such spectral
distribution, however, is not uniform through the semiconductor film. The spatial distribution of
subgap states correlates well with the background doping density distribution in the semiconductor,
which increases towards the Ohmic Mo contact, suggesting that these two properties share the
same physical origin. © 2014 AIP Publishing LLC. [http://dx.dol.org/10.1063/1.4867236]

Amorphous oxide semiconductors (AOS) are considered
prime candidates as channel material for thin-film transistors
for display backplanes because of their superior charge carrier
mobility compared to amorphous silicon or to organic semi-
conductors, combined with their low-temperature processabi-
lity. Among different candidates, IGZO (indium-gallium-zinc
oxide) has attracted most of the attention, mainly due to its
chemical stability and easy processability.’ However, being
amorphous, IGZO has intrinsically a high concentration of
subgap states. Depending on their energy level, these states
have distinct negative impacts on the Thin-Film Transistor
(TFT) performance, to cite a few: deterioration of the sub-
threshold slope,” shift of the threshold voltage,” reduction of
the mobility,” and bias-stress instability.””

Even though significant work has been devoted to mod-
eling and understanding of the charge trapping and related
instability, until now all the experimental characterizations
were based on I-V and C-V measurements on MIS® or TFT
structures.”” In field-effect and C-V measurements one
changes the bias voltage, which simultaneously varies both
the width of the space-charge layer and the intersection of
the Fermi level with the density of states. The data are thus a
convolution of the energy and spatial variation in gap states.
All analyses of these data have assumed that the states are
distributed uniformly in space. By applying Deep Level
Transient Spectroscopy (DLTS) measurements on Schottky
diodes, it is possible to separate the spatial and energy meas-
urements.'” The energy is measured by observing the ther-
mal emission of carriers initially trapped in the subgap states
while the spatial variation can be independently measured by
simply changing the bias voltage applied to the sample.
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In conventional crystalline semiconductors with a dis-
crete trap energy level and a well-defined activation energy,
the DLTS signal as a function of temperature goes through a
maximum (7,,,,,) at the temperature where the transient time
constant of the emitted charge carrier is on the order of the
time-gate spacing used to obtain the DLTS signal. By using
different gate spacing and plotting 7., in an Arrhenius plot,
the energy level E, of the trap and its capture cross section oy,
can be extracted. On the other hand, the concentrations of
deep levels in the discrete defect case are related to the re-
spective magnitude of the peaks in the DLTS spectrum.'® In
the case of a disordered amorphous semiconductor, however,
the DLTS spectrum is broad and rather featureless. In this
case, the DLTS signal is simply an unresolved superposition
of DLTS sharp lines originated from each trap level with a
weighting function that is proportional to the trap concentra-
tion distribution over the various possible energies (the den-
sity of states function). Thus, if the trap levels are
completely saturated after the filling pulse, the DLTS signal
represents the subgap DOS (Density of States) multiplied by
the temperature.

The trap energy level cannot be therefore measured
from an Arrhenius plot, but it is calculated from the electron
thermal-emission rate relation

E.—E = le”l(Un VrhN(-'EO)v (1

where kT is the thermal energy, o, is the electron capture
cross section of the trap, vy, is the electron thermal velocity,
N, is the available states in the conduction band, and 7y is
the emission rate window. In this work, o, is assumed to be
107" ¢m? and independent of the temperature. The available
number of states in the conduction band, which is tempera-
ture dependent, is calculated using m* = O.34mc,“ the ther-
mal velocity of electrons in the semiconductor is calculated

© 2014 AP Publishing LLC
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On the other hand, as briefly discussed before, the con-
centration of the various deep levels N; can be directly
related to the respective magnitudes of the DLTS spectrum
(AC). In this case, AC indicates the ratio of the deep-level
trap concentration to the uncompensated shallow-level con-
centration in the depletion region Nyep

Naept AC 1

N, = =

ST (inem eV, )

Therefore, Nyep must be measured in order to determine
N;. The value of Ny can be obtained from C-V measure-
ments via the well-known relation

A2 2 kT
— ——— V;j T V 9 3
C? (1-258()/\](1(,[)/> ( : q ) @

showing that Ny, can be determined from the slope of
A?/C? as a function of the applied bias on the Schottky
diode. In Eq. (3), V4, the diodes’s built-in potential, is found
as the intersection of the curve with the voltage axis. Further,
&g i the static dielectric constant of the semiconductor, being
equal to 13.9 (Ref. 12) and ¢ is the dielectric constant of
vacuum.

The main reason for using a Schottky diode to extract
the semiconductor subgap DOS is the device simplicity: the
raw DLTS spectrum already roughly indicates the subgap
DOS shape and distribution.”® Moreover, the subgap DOS
can be easily calculated using the equations and assumptions
described previously, without the need for numerical itera-
tive calculations that can add cumulative errors in the final
obtained subgap DOS. The fabrication of near-ideal IGZO
Schottky diodes with large rectification ratio is not straight-
forward and involves metal and IGZO thickness optimiza-
tion.'*'*!> The device is based on a vertical structure as
shown in the inset of Fig. 1{b). The bottom contact is 30 nm
Pd, which forms the Schottky contact to the a-IGZO.
Afterwards, a 100 nm thick amorphous 1GZO layer was de-
posited by RF sputtering from an InGaZnO, ceramic target
at room temperature. The oxygen content of the (Ar+ O,)
gases was maintained at 20% and the working pressure in
the deposition chamber was 2 x 1072 mbar. The IGZO layer
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FIG. 1. (a) I-V curves of the vertical a-IGZO Schottky diodes with different
areas and (b) the corresponding background doping density as a function of
the depletion region thickness. Both measurements were performed at room
temperature. The IGZO layer has a thickness of 100 nm.
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was wet etched in a solution of oxalic acid and water and
annealed at 200°C for 1h in an oxygen environment. As a
final step, Ohmic Mo top contacts were formed by a lift-off
process, providing vertical diodes with area of 15 x 5 um? to
220 x 200 um?. All the DLTS related experiments shown
here were performed on the 220 x 200 um? diode.

The I-V curves of the fabricated are shown in Figure
1(a). It is clear that the diode current is directly proportional
to its area, increasing exponentially as a function of the
applied bias, which indicates that the diode charge transport
mechanism can be modeled by thermionic emission given by

------ @ V — IRg
= AA*T?exp <%) { exp {%} - 1}, 4)

where A* is the effective Richardson constant, which for
IGZO has a theoretical value of 41 Acm™ 2K ™%, A is the area
of the diode, and Rg is its series resistance. All the diodes
have a small ideality factor n equal to 1.2 and rectification
ratios higher than 10" at =1V, which means a Schottky bar-
rier height @y of 0.8 eV. Figure 1(b) shows the background
doping concentration Ny calculated from Eq. (3) as a func-
tion of the depletion region thickness W. It is clear that Ny,
is not spatially constant within the IGZO film, but it
increases in the direction of the film top surface (ohmic
contact).

In order to accurately extract the IGZO subgap DOS,
two pre-requisites have to be fulfilled during the DLTS
measurements. First, the Schottky diode cannot be frozen-in.
As IGZO has a relatively low electron mobility compared to
traditional crystalline semiconductors, it is possible that the
combination of high-frequency C-V measurements (1 MHz
for the DLTS set-up) with the low temperature causes the
semiconductor to become an insulator, not responding any-
more to the applied bias. Second, the subgap traps have to be
completely filled after the filling voltage pulse, which means
that the DLTS signal has to be saturated by a sufficiently
long pulse. If these two conditions are fulfilled, Eq. (2) can
be directly correlated to subgap DOS density.

Figure 2(a) shows the capacitance density as a function
of the reverse bias for different temperatures. All curves
show the expected voltage dependency of a Schottky capaci-
tance junction, indicating that the semiconductor is not
frozen-in and can respond to the applied ac voltage at
I MHz, even at low temperatures. Indeed, as shown in the
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FIG. 2. (a) CV curves of the IGZO Schottky diode as a function of the
reverse bias at different temperatures. The inset shows the value of the
diode’s capacitance as a function of the temperature at two different reverse
biases. (b) CV measurement, revealing the diode’s built-in voltage tempera-
ture dependency.
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FIG. 3. (a) The depletion region thickness and the (b) background doping
density as a function of the temperature and biases.

inset of Figure 2(a}, the capacitance of the diode increases as
a function of the temperature, which is caused by the diode’s
built-in voltage dependency on the temperature. The
decrease of Vy,; as a function of the temperature is clearly
shown in Figure 2(b), where Vy,; is extracted at the intersec-
tion of the A%/C? curve with the voltage axis. At room tem-
perature, Vy; is equal to 0.42 'V, while at 120 K it increases to
a value of 0.82 V. The increase of the diode’s built-in voltage
has a direct impact on the diode’s depletion region, espe-
cially for forward biases as shown in Figure 3(a) for three
different biases. For a forward bias of 0.5V, which is about
the diode’s Vy,; at room temperature, the depletion region is
negligibly small. However, due to the increase of the diode’s
built-in voltage at low temperatures and the specific spatial
doping concentration in the IGZO film, the depletion region
is much larger at 70 K for the same applied bias of 0.5 V.

As indicated by Eq. (2}, the doping concentration of the
IGZO film Ngep must be carefully measured as a function of
the temperature. Figure 3(b) shows Ny, as a function of the
temperature for three different biases. It is clear that even
though Ny, shows a dependency on the applied voltage, as al-
ready previously observed in Figure 1(b), Ngep is almost con-
stant as a function of temperature for the same applied bias.

Figure 4(a) shows the DLTS signal as a function of the
filling pulse time for two different pulse voltages at room tem-
perature. First, it shows that in IGZO the dynamic trap filling
phenomena do not follow an exponential function as shown
by the dashed line, but a much slower logarithmic dependency
on the filling pulse duration. Such capture kinetics was previ-
ously observed for dislocations in crystalline semiconduc-
tors'® and can be explained by the distribution of the deep
levels in a-IGZO. Such a distribution of defects can
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FIG. 4. (a) Capture kinetics of electron trapping for two different filling
pulse voltages and (b) the magnitude of the DLTS spectrum as a function of
the filling pulse voltage. Both measurements were performed at room
temperature.
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accommodate multiple charge carriers during the trapping
process, which leads to a non-exponential dependency of the
trap filling on the filling pulse time. As a consequence it is not
possible to extract the electron capture cross-section, in con-
trast to the situation for a single discrete trap level with a clas-
sical exponential capture kinetics. For this reason, o, is
assumed to be a constant value of 1075 cm? which corre-
sponds with a typical value for a neutral deep-level center.
Figure 4(a) also shows that the DLTS signal saturates at
t,~ 10ms, which reveals the minimum filling time pulse
width to be used in order to correctly extract the IGZO subgap
DOS. Figure 4(b) shows the DLTS signal as a function of the
filling pulse amplitude for three different filling times at room
temperature. The DLTS signal saturates once more at a value
of U,~+0.5V, which is therefore used during the DLTS
measurements.

Having fulfilled the two requirements for the correct
measurement of the subgap DOS, it is possible to proceed to
the DLTS measurements itself. Figure 5(a) shows the DLTS
spectrum obtained at a reverse bias of 1V, for a saturating
filling pulse voltage of 0.5V and for four different filling
pulse times. As expected for an amorphous semiconductor,
the DLTS signal is featureless with no clear and sharp peaks.
Moreover, AC increases as a function of the filling pulse
time, revealing a saturation for t,~ 10ms, as previously
observed in Figure 4(a}. The subgap DOS is calculated using
Eq. (2) and plotted as a tfunction of the energy from the band
mobility edge, as shown by the black curve in Figure 5(b).
These measurements reveal two interesting regimes: an ex-
ponential distribution of traps from the conduction band
edge E. to 0.2¢eV below E_; and a second exponential distri-
bution with a higher characteristic energy at E-E, > 0.3eV.
However, due to the strong influence of the temperature on
the diode’s built-in voltage, this curve is not quantitatively
accurate. During the DLTS measurements, one fills the traps
in the spatial interval W, — W,,, corresponding to the reverse
and filling bias V, and V,,, respectively. In this way, only the
traps in the fraction (W, —W,)/W, of the total depletion
width contribute to the DLTS signal AC. If the depletion
region at the filling pulse varies as a function of the tempera-
ture, the calculated trap distribution N, must be multiplied by
a correction factor equal to [W,/(W, —W,)] in order to
obtain the right trap distribution, and consequently the sub-
gap DOS value. Both the correction factor and the final sub-
gap DOS distribution are shown in Figure 5(b). As noticed
before, it reveals two exponential distributions at
E.-E < 02eV and E.-E,>0.3eV with characteristic ener-
gies of 80 meV (Egy) and 227 meV (Ey,), respectively. The
first exponential distribution, which corresponds to the IGZO
tail states, intersects the conduction mobility edge at
1.6 x 10" em™ eV ™", This value is at least two orders of
magnitude lower than for conventional hydrogenated amor-
phous silicon (a-Si:H)."” Our results agree well with some
proposed models that indicate a double exponential distribu-
tion of subgap DOS in 1GZO,™" in contrast to a-Si:H that
presents also a Gaussian subgap DOS.'” These measure-
ments can discard the influence of interface traps as they
were performed within regions 50 nm away from the interfa-
ces of the 100nm IGZO thick film. Moreover, as we are
using a simple Schottky diode, there are no interface states
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FIG. 5. (a) DLTS spectrum for four different filling pulse times and (b) the
correspondent subgap DOS, calculated using the DLTS spectrum with

arising from dielectrics present in other more complex struc-
tures such as MIS or TFTs devices. It should also be men-
tioned that our assumption for a,, does not have any impact
on the extracted exponentials characteristic energies and has
only a small influence on the DOS distribution energy level
itself. If o, is changed by one order of magnitude for exam-
ple, the N, curve is shifted by only 40 meV.

The measurements shown in Figure 5 were obtained at a
reverse bias of 1V, which corresponds to a large depletion
region thickness of 52 nm at room temperature. If the same
measurements are performed. however, at other reverse
biases, corresponding to different spatial regions within the
IGZO film, the results are not the same. Figure 6(a) shows
that the DLTS spectrum magnitude is larger for smaller
reverse bias voltages, or in other words, it is larger for
smaller voltage pulses (U,-U,). Such behavior, however,
does not indicate a higher defect concentration as it is clear
from Figure 6(b), which shows once more the corrected sub-
gap DOS as a function of the energy, calculated using Egs.
(1) and (2), respectively. For smaller reverse biases, the
larger magnitude of the DLTS signal is mainly due to the
larger capacitance value, and the resulting N, is actually
smaller than the one at larger reverse biases. This means that
in the regions closer to the IGZO top-surface, the subgap
DOS is larger than in the depleted regions next to the
Schottky junction. It also shows that the slope of the expo-
nential tail state is larger closer to the Schottky junction,
while the second exponential at higher energies has a con-
stant characteristic energy throughout the IGZO film. Our
measurements also allow us to compare the background dop-
ing density and the 1GZO subgap DOS at a specific energy
as a function of the depletion region thickness. This is shown
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FIG. 6. (a) DLLTS spectrum dependency on the reverse bias and (b) the cor-
respondent subgap DOS for the three different reverse bias voltages.
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FIG. 7. The background doping density and the subgap DOS at E.-E,
==0.55eV as a function of the IGZO depletion region thickness.

energy corresponds to the room temperature measurement,
in which the filling pulse amplitude guarantees that all traps
are filled within the depletion region. Such condition allows
us to determine the effective depletion depth value that cor-
responds to each reverse applied bias. There is a remarkable
similarity between the doping concentration and trap distri-
bution, suggesting that these properties share the same physi-
cal origin. X-ray photoelectron spectroscopy (HX-PES) in
highly doped amorphous In-Zn-O (Ref. 19) indicated that
near conduction band minimum (CBM) states can be attrib-
uted to donor electrons. However, in the case of IGZ0, the
highly doped region next to the film top surface cannot be
linked to free electrons in the semiconductor conduction
band, but it is the contribution of effective shallow donor
and subgap deep acceptor states.

In conclusion, by combining the DLTS technique with
Schottky diodes, we have been able to directly measure the
subgap density of states of amorphous indium-gallium-zinc
oxide semiconductor. First, the parameters to assure the cor-
rect DOS measurement, such as the filling pulse time dura-
tion and the voltage have been carefully analyzed.
Afterwards, based on these variables and taking in to account
the strong built-in voltage dependency of the IGZO diode on
the temperature, it was possible to analytically extract the
subgap DOS distribution. It revealed a double exponential
dependency on the energy, with characteristic energies of
80meV and 226 meV, for E.-E, < 0.2 eV (the tail states) and
E-E;>03eV (deep levels), respectively. Moreover, we
have shown that the DLTS spectrum and the background
doping density are correlated, confirming that the measured
background doping density is a result from both effective
electron doping and acceptor electron subgap levels.

The research leading to these results received funding
from the European Community’s Seventh Framework
Program FP7-ICT-2009-4 under Grant Agreement No.
247798 of the ORICLA project. We appreciated very much
the help of Dr. Johan Lauwaert (University of Ghent) in set-
ting up the DLTS experiments.
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