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The initial performance and “time-zero” instability of ZnO TFTs are evaluated using different Al,O3 deposition
temperature. Fully-patterned bottom-gate and top-contact devices were fabricated and used as the test struc-
tures. The initial TFT performance shows a decrease of saturation mobility from 9.2 to 5.6 cm?/V's; increase in
threshold voltage from 2.2 to 2.5 V; and subthreshold swing increase from 115 to 225 mV/DEC, with increasing
deposition temperature. The time-zero instability (¢t = 0 s) shows an increase in threshold voltage shifting of 4.0,
12.8, and 13.6%; a decrease in the subthreshold swing of 5.3%, 17.7%, and 16.3%; and an increase in saturation

mobility of 0.8%, 2.8%, and 4.3% with increasing deposition temperature. Results indicate that the primary
mechanism of the threshold voltage shifting is the increase in roughness induced interface states due to possible
dangling bonds increasing along with the roughness.

1. Introduction

Large-area and flexible electronics may need to rely on oxide-based
semiconductors due to their compatibility with a low-temperature
fabrication process. Oxide semiconductors, such as Zinc oxide (ZnO)
based thin-film transistors (TFTs), have received increasing attention
due to their compatibility with low-cost processing and exceptional
electrical performance [1-3], and their potential uses in flexible circuits
[3]. Furthermore, another essential aspect is that deposition of the di-
electric layer is at these low temperatures, which might result in higher
leakage current and higher oxide trap density, which is detrimental to
the overall TFT performance and stability. Therefore, the subsequent
impact on TFT performance and reliability must be evaluated for
practical and commercial applications, since TFTs with high perfor-
mance and suitable threshold voltage stability are essential.

Several studies that address different dielectric materials, deposition
temperature, annealing temperatures, and conditions to improve the
performance of oxide-base thin film transistors have been reported
[4-10]. In addition, much activity has been dedicated to incorporate
high-k dielectrics in TFTs using various deposition methods [11], in-
cluding: chemical vapor deposition (CVD), physical vapor deposition
(PVD), molecular beam epitaxy (MBE), pulsed laser deposition (PLD),
wet chemical methods, radio frequency (RF) magnetron sputtering and
atomic layer deposition (ALD) as the preferred method for growing high
quality, dense, pinhole-free, high-performance gate dielectric films
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[12]. Since the previous results yield to relatively high initial TFT
performance, the threshold voltage instability remains a challenge. The
degradation behaviors of ZnO-based TFTs was investigated by several
groups previously [13-18]. They indicated that the AVyy under bias
stress or light illumination could be attributed to charge trapping in the
gate dielectric or the active layer/dielectric interface [13,14,18]. In a-
Si:H TFTs, the charge trapping sites can be eliminated through a post-
fabrication or post-deposition anneal. However, high-temperature an-
nealing is not suitable for large-area/flexible substrates owing to their
low softening/melting temperatures [19]. As a way to enhance stabi-
lity, studies of gate dielectric engineering using bilayers [9,20,21] or
nanolaminates [22] structures exist. However, these methods are
complicated to replicate because conditions and parameters (like
thicknesses) need to be appropriately adjusted and tuned, which be-
comes problematic for implementation. The ideal alternative is to en-
hance the dielectric quality during its deposition using permissible
temperatures and conditions for large-area/flexible substrates. Is ex-
pected that a higher deposition temperature results in better film
quality but reduces its applicability in large-area and flexible substrates.
Therefore, the effect of the deposition temperature of aluminum oxide
grown by ALD in ZnO TFTs as dielectric material is in this chapter. The
initial performance and the time-zero instability of the TFTs serve as a
reference for the impact. The selection of Al,Oj is due to its previously
reported performance on ZnO TFTs [23-26], good barrier properties
against oxygen and hydrogen [12] and low leakage current due to its
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Fig. 1. (a) Cross section and (b) Plan view image of the fabricated TFT with W/
L = 40/20 ym.

wide band gap.

2. Materials and methods

TFTs with a staggered bottom-gate/top-contact structure is fabri-
cated using a seven-mask level conventional photolithography process,
including the passivation level as well as an additional level for trans-
parent materials alignment. Fig. 1a shows a cross-sectional view of the
fabricated TFTs. The TFT-substrate consists of glass with 135nm of
indium tin oxide (ITO) from Luminescence Technology Corp. ITO is
patterned using a conventional wet etching lithography process to form
the gate electrode. Transparent materials are challenging to align with
the photolithography process; for that reason, a reflective layer is
formed on top of the alignment marks using 30 nm of chromium. An
Ultratech/Cambridge NanoTech Savannah atomic layer deposition
(ALD) tool is used to deposit 15 nm of Al,Os at three different deposi-
tion temperatures (three fabricated samples), serving as the gate di-
electric. Water vapor is the oxygen source, and trimethylaluminum
(TMA) (Sigma-Aldrich, 97% purity) is the metal —organic precursor.
The ALD chamber pressure was 0.5 Torr during the process with a
constant N5 flow of 20 sccm throughout to carry and purge the pre-
cursor vapors. The pulse times are 15ms for both precursors. The
precursor's purge times are adjusted depending on the deposition
temperature: 20s for 100 and 175°C and 10s for 250 °C. Al,O3 de-
position rate changes with deposition temperature (DT). Therefore, the
cycles required for 15nm Al,O5; were adjusted before the fabrication
and monitored after the deposition. Next, a 45nm thick ZnO is de-
posited by pulsed laser deposition (PLD) at 100 °C and an oxygen (O-)
pressure of 20 mTorr. A ZnO target with a purity of 99.99% serves as
the material source. The energy density used to ablate the target was
1J/cm?. No post-deposition anneal performed on the samples in order
to not convolute the different deposition temperatures. A layer of
250 nm of polyp-xylylene-C (Parylene-C) was deposited by chemical
vapor deposition at room temperature to protect and passivate the top
surface of the oxide semiconductor from the subsequent photo-
lithography steps (PL in Fig. la). After patterning the first Parylene
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layer and semiconductor, another layer of 250 nm of Parylene-C was
deposited to encapsulate and protect the active area (HM in Fig. 1a).
This second Parylene layer was patterned to extend 20 um from the
edges of the semiconductor. S-D vias were defined using oxygen-based
reactive ion etching. Finally, 200 nm of Al was deposited and patterned
to define S-D contacts. Fig. 1b shows a plan view, optical image. The
designed channel lengths (L) were 10, 20, 40, 60, 80 um, and the
channel widths (W) were 40, 80, 160 um. The gate dielectric deposition
temperature (DT) is the only variable in the fabrication process.

The electrical characterization of the TFTs was at room temperature
(RT) in the dark using a Cascade probe station and a Keithley 4200-SCS
semiconductor parameter analyzer. The following sequence of mea-
surements defines the time-zero instability of the TFTs: (1) transfer
curve in saturation (first cycle); (2) Ips-Vps output curve (second cycle);
(3) transfer curve in saturation regimen (third cycle); and (4) transfer
curve in saturation regimen (fourth cycle). Thickness measurements
were performed using a Sentech 800 spectroscopic ellipsometer with a
wavelength range of 350 to 850 nm. The W and A data obtained at an
incident angle of 70° were fitted to obtain the refractive index disper-
sion. Al,O5 surface morphology is investigated using a 3100 Dimension
V Atomic Probe microscope (SPM). The acquired images are in tapping
mode, and the scan area is 1 um X 1 pm with a resolution of 512 pixel/
line. The scan rate is set to 0.5Hz using a deflection potential of
350mV.

3. Results and discussion

The measured thicknesses for ZnO, 1st Parylene protective layer and
second layer Parylene hard mask, as evaluated by ellipsometry, were:
45 + 0.8nm, 289 *+ 0.4nm and 294 *= 0.4nm, respectively. The
thicknesses, as measured by profilometry, for ITO and aluminum were:
135 + 1.5nm and 154 * 0.6 nm, respectively. According to JCPDS #
36-1451, ZnO film shows (0002) preferential orientation of a wurtzite
structure (Fig. S2). The mean crystallite size of ZnO film is
45 = 1.2nm, calculated employing Scherrer [27] equation and cor-
roborated using transmission electron microscopy. The measured op-
tical Al,O3 thicknesses for the different deposition temperatures are
15.8 = 0.1nm, 16.2 += 0.1 nm, 16.0 = 0.2, for 100, 175, and 250 °C,
respectively. Thickness deposition is uniform across the sample with
minimal variation as a function of the deposition temperature. The
deposited Al,O3 films are amorphous, regardless of the deposition
temperature, as shown in Fig. S2.

3.1. Initial TFT performance

Fig. 2a illustrates the initial transfer characteristic comparison (Ips-
Vgs) for Al,03 deposited at 100, 175, and 250 °C. The off-current (Iogg)
is found to be in the range of 10~ '3 A for the three samples. The on-
current (Ioy), at Vgs = 5V, decreases with Al,0; DT, indicating de-
gradation of the accumulated active channel region. The on and off
sheet resistance (Rsy.on and Rgsy.opr, respectively) is investigated using
the method of Terada and Muta [29]. The obtained results are in Table
S1. As mentioned, Rgy.opr is independent on the deposition tempera-
ture, because it is dependent on the ZnO bulk resistivity (Fix parameter
for all samples). However, the dependence of Rsy on With DT suggests
degradation of the accumulation layer, which depends on the interface
A1203/Zn0.

Following the simplest analytic model for field effect transistors
[28], the drain current in saturation can be expressed using Eq. (1);
where C, is the gate dielectric capacitance per unit area, and psar is the
saturation mobility. By extrapolating Ips®® as a function of Vgg under
the condition of Vpg > Vgs — Vrisat, the Vrpsat is obtained from the
fitted-line intercept with the x-axis and the saturation mobility (usat)
from the slope. From the maximum slope obtained from the derivative
of the transfer curve in the logarithmic scale, the Subthreshold swing
(SS) is extracted (Eq. 2).
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Fig. 2. (a) Representative normalized transfer characteristics for TFTs fabricated with 100, 175, and 250 °C Al,Os. (b) Evolution of the initial saturation mobility,
saturation threshold voltage, and subthreshold swing as a function of the Al,O3; deposition temperature.
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The oxide capacitance, C,y, is obtained from MIM capacitors that
are onto the same fabricated sample. Fig. S2a Shows the C-V char-
acteristic for the different Al;05 DT. The average Cox are 5.04 x 107,
492 x 1077, and 4.98 x 1077 F/cm? These results are in close
agreement to the obtained capacitance density considering ideal par-
allel plate capacitors, the measured thickness, and a dielectric constant
of 9. The capacitance density shows a small dispersion as a function of
the frequency, that can be due to RC effects as a result of the contact
resistance, or lower conductivity of ITO (compared to Al) used as the
bottom contact.

Fig. 2b illustrates the evolution of the saturation mobility, threshold
voltage, and subthreshold swing with the Al,O3; DT. Table S1 shows a
detailed comparison of the TFT parameters extracted for the different
Al;03 DTs. The minimum subthreshold swing (SS) of 117 mV/DEC is
for TFTs with Al,O3 deposited at 100 °C. The increase in DT increases SS
30% for 175 °C and 48% for 250 °C. The evolution of the SS with Al,O3
DT could be due to a rise in interface states [29]. Electron saturation
mobility (usat) decreases linearly from 9.2 to 5.6 cm?/Vss with in-
creasing DT. Vyy.sar at 100 °C is 2.24 V and increases 1.1% for 175 °C,
and 10.2% for 250 °C. Since Ioy and pgat are decreasing with increasing
DT, Vru.sat is expected to increase. The study of the initial TFT beha-
vior indicates that the increase of Al,0; deposition temperature de-
creases device performance, and the increase in interface traps could be
the origin.

3.2. TFT time zero instability

Fig. 3(a) to (c) illustrates the evolution of the Ipg-Vgg before (first
cycle) and after (third cycle) acquiring the Ips-Vps characteristic for
Al,O3 deposited at 100, 175 and 250 °C. The time zero electron trapping
is evident with the Vyy_gar shift, AVyy.sat. However, the transfer curve
remains stable after the third cycle (fourth cycle = “After 2”) for all
DTs. This behavior indicates that the source of the instability happens
during the second cycle (Ips-Vps data collection). This instability source
is because of the Ips-Vps measurement act as positive bias stress during
a short period.

The changes in the considered TFTs main parameters induced by the
time-zero-instability electrical characterization are in Fig. 3d. The de-
tailed value comparison of the changes in the TFT performance due to

time-zero-instability as a function of Al,O3 deposition temperature is in
Table S2. The difference between the threshold voltages extracted
“Before” (t = O's or first cycle) and “After” third cycle for each dielectric
condition is the time zero threshold voltage shifting, AV sat. Changes
in subthreshold swing and saturation mobility are extracted using the
same procedure. AVyysar is positive for all situations. The smaller
AVyysat of 88 mV was for Al,03 deposited at 100 °C. The increase of
DT increases AVrygat to 290 mV and 340 mV for 175 and 250 °C, re-
spectively. SS improves for all the samples (ASS < 0 mV/DEC), in-
dicating a reduction of interface states. The increase of pgat with DT
might be related to a decrease of electron scattering due to the initially
unoccupied states that are now occupied by electrons. Typically, AVry.
sat could be due to oxide states or interface states. The total oxide
charge, Qor, can be determined using:

Qor = —CoxAVip 3)
where AVggp represents the flat-band voltage shift due to charge injec-
tion. Since a TFTs works in the accumulation mode, Vg determines the
voltage at which the channel starts accumulating; therefore, Voy is the
gate voltage corresponding to the flat band in the channel layer, which
corresponds to the onset where Ips values start increasing ex-
ponentially. Then, AVoy could replace AVgg in Eq. (4), and the change
in dielectric trap density (ANot) due to the initial stress produced by the
first and second cycle can be calculated using:

1
ANor = ——CoxAVon
q ()]

The change in the interface trap density, AD;t, can be related to the
shift of SS after the stress using:

Cox

AD;p = —————ASS
In(10)gkT

Dyt

()

The evolution of ADyr and ANt as a function of Al,O3 DT is in
Fig. 3d. AD;t and ANgr from metal-insulator-semiconductor (MIS) de-
vices are calculated to corroborate the results. Fig. S2b shows the ca-
pacitance density for MIS capacitors at 1kHz (low frequency) and
1 MHz (high frequency) for different Al,O3 DTs. Flat band voltage is
obtained from the d?(1/C)?/dVgs>. Vs corresponds to Vgg at which the
maximum occurs, for n-type semiconductors. Eq. (4) allows the calcu-
lation of ANpr. ADyr is obtained by using the method proposed by
Castagné and Vapaille [30] and illustrated in Eq. (6). Dyr and Nor re-
sults extracted from the MIS are in Table S2. The evaluated trap states
results agree with the results obtained from the time zero instability.
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The change in Nt is more significant than the shift of D;t for Al,03
deposited at 100 °C. Nevertheless, ANgr and AD;t are comparable for
175 and 250 °C Al,Os3. These results indicate that the device instability
for 100 °C Al,O3 is mainly due to oxide states, but for higher tem-
peratures, it is due to a combination of both interface states and oxide
trap states. Nevertheless, ANgr is the combination of fix charge states,
oxide trap states, and interface states; therefore, the similar values of
ANpr and AD;y for 175 and 250 °C indicates that the instability me-
chanism is potentially due to the change in interface states. Since these
trap states are near or at the ZnO/Al,O3 interface, further investigation
near this region is required to identify the instability origin potentially.

3.3. Interfacial characterization of the gate dielectric stack

Al,03 surface morphology is studied on different film stacks to ad-
dress: (1) Al,O3; roughness evolution with DT; (2) TFT substrate evo-
lution with DT; and (3) Gate stack evolution with DT. For (1) high
quality thermally growth SiO, is used. For (2) and (3) the same fabri-
cated TFT samples are used. The surface topography for the different
substrates/conditions (Rows) and Al,Os; deposition temperature
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(columns) is in Fig. 4a, The average roughness, R,, is calculated from
the arithmetic average of the absolute values of the profile height
(peaks and valleys) deviations per pixel from the mean line, recorded
within the scan length [31]. Eq. (7) is used to calculate R,, where L is
the scan length and Z the profile height as a function of the pixels.
Fig. 4b shows the average roughness evolution after surface flatting and
noise reduction.

Ry = ij‘L 1Z (o)l dx -

Comparison of subthreshold swing and change in subthreshold
swing with the gate dielectric stack surface roughness. The linear de-
pendence of SS with Ra suggest that roughness induced interfacial de-
fects as the dominant mechanism of the TFT instability.

The evolution of the Al,O3/SiO, surface roughness with DT is
negligible and averaged value of ~0.3 nm. The surface roughness of
Al,O3/TFT-substrate are 1.0, 1.3, and 2.1 nm for 100, 175, and 250 °C,
respectively; indicating a strong dependency with DT. Furthermore, the
surface roughness of Al,O3/ITO/TFT-substrate (gate dielectric stack)
increased 1nm regardless of DT; consequently, Al,Os is deposited
conformally on the ITO/TFT-substrate stack. These results show that
the increase in gate stack surface roughness is due to morphological and
structural changes of the TFT-substrate with the increase in the
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Fig. 4. Gate dielectric analysis on different substrates. (a) Surface topography images of Al,O3 deposition at different temperatures (columns) and different substrates
(Rows). (b) Average roughness change as a function of the Al,O3 deposition temperature. Changes on glass substrate are responsible for the increase in gate dielectric
stack (Al,03/1TO/Glass) roughness. (c) Averaged roughness period as a function of Al;O3 DT. (d) Comparison of subthreshold swing and change in subthreshold

swing with the gate-dielectric-stack surface roughness.
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bonds, causing an increase in interface states.

deposition temperature.

The periodicity of the gate dielectric stack roughness, T,, is in
Fig. 4c. As shown, T, is not changing with temperature; instead, only
roughness is increasing with DT. Asenov and Kaya [32] reported that
the largest charge concentration is in the middle of the well, causing a
more significant increase in AVt with deeper wells (bigger roughness).
Moreover, the change in roughness might induce surface trap states due
to atomic lattice mismatch and fluctuations of the chemical composi-
tion of contacting materials leading to dangling interfacial bonds. The
bigger the roughness, the more significant the induced interfacial states
(dangling bonds, oxygen vacancies, zinc interstitials, and zinc va-
cancies) at the metallurgical junction [33].

Lee et al. reported the mobility dependence on surface roughness
and surface energy for organic-based TFTs. They suggested that if R, is
more significant than the characteristic scattering length of majority
carriers, the roughness has a significant impact on mobility for the same
roughness periodicity. Usually, scattering length for ZnO deposited at
low temperatures is < < 1nm. Therefore, the increase of R, from 1.8
to 3.2 nm with increasing Al,03 DT reduces electron mobility, as shown
in Fig. 2c. However, the improvement of mobility with temperature
(Fig. 3d) indicates a reduction in scattering after the first and second
cycle. Therefore, mobility instability observed for the initial TFT per-
formance can be strongly dependent on gate stack roughness, but
Coulombic scattering can be the dominant mechanism for the time zero
instability.

Hence, the fact that the potential distribution is not equal within the
well (maximum potential at the middle of the well) combined with
roughness induced interface states can explain the instability observed
with the increase in Al,O3 DT. The trapping of electrons in interface
states reveals the increase in threshold voltage, as well. Furthermore,
the reduction of interface states slightly improves mobility due to the
reduction of the Coulombic scattering. Fig. 5 shows the proposed
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instability mechanism. The dependency of SS and ASS with average
roughness is in Fig. 4d. The linear dependence of SS with R, shows a
direct correlation of initial SS (D;r) with gate stack roughness. Fur-
thermore, ASS shows an increasing reduction of interface traps with
increasing roughness; since more interface states can be electrically
active with the increase in roughness, the occupancy probability of
those states increases.

4. Conclusions

The performance and the time zero or initial instability of nano-
crystalline ZnO TFTs was presented using different Al,O5; deposition
temperatures. Electrical results show that oxide states are the instability
source of TFTs fabricated with 100 °C Al,Os. However, for TFTs fabri-
cated with Al,O5 deposited at 175 and 250 °C instability is attributed to
interface states. Morphological studies show that gate dielectric stack
roughness is increasing with increasing deposition temperature due to
structural or morphological changes occurring in the TFT-substrate. The
increase in roughness can induce surface trap states due to atomic
lattice mismatch and fluctuations of the chemical composition of con-
tacting materials, leading to dangling bonds. The more significant in-
terface states with increasing deposition temperature can increase the
capture of electrons; consequently, negative charge trapping can ex-
plain the positive AVyygat- The combination of roughness and rough-
ness induced defects acting as electron trap states at the Al,O3/interface
are responsible for the initial TFT performance and time-zero in-
stability.
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