Microelectronic Engineering 279 (2023) 112063

ELSEVIER

Contents lists available at ScienceDirect
Microelectronic Engineering

journal homepage: www.elsevier.com/locate/mee

Uee

lectronic

Check for

Low temperature, highly stable ZnO thin-film transistors | e

Rodolfo A. Rodriguez-Davila ™", Richard A. Chapman®, Zeshaan H. Shamsi?, S.J. Castillo ",

Chadwin D. Young“, Manuel A. Quevedo-Lopez ™

@ Department of Material Science and Engineering, the University of Texas at Dallas, 800 West Campbell Road, Richardson, TX 75080, USA
b Departamento de investigacion en Fisica, Universidad de Sonora, Blvd. Luis Encinas y Rosales S/N, Hermosillo, Sonora 83000, Mexico

ARTICLE INFO ABSTRACT

Keywords: A low-temperature and straightforward fabrication process for ZnO thin-film transistors (TFTs) with near-zero
Zn0 aging and negligible instability enabled by using an ultrathin oxide as a top-passivation layer is demonstrated.
TFT . The process features bottom-gate top-contacts ZnO TFTs with ultrathin HfO, or Al,O3 as passivation layers on top
Ezlrllzlgilllrlnty of the TFT followed by post-fabrication annealing (PFA). Devices with ultra-thin capping films of Al,O3 followed
Stability by a 150 °C PFA show threshold voltage shift (A V) of <1% after bias stress and negligible shift after aging. The
Photolithography devices show saturation threshold voltage (Vry.sat) of 2.70 V, saturation mobilities larger than 10 em?/V -s, and

current Ion/Iopr ratios >10°. On the contrary, devices without nanofilm show similar performance to those with

Al;03 but show more considerable instability to aging and bias stress (AVry > 5%). Also, devices with HfO; as a
capping layer shows severe instability (4Vrg > 40%). A degradation mechanism to explain the improved aging
and reliability performance is also discussed.

1. Introduction

Thin Film transistors based on oxides show superiority concerning
silicon transistors in processing temperature, transparency, and
compatibility with roll-to-roll and large-area fabrication processes.
These advantages have generated much attention in the transparent and
flexible electronics field to develop various applications. In general, the
primary heralded alternative to conventional amorphous silicon TFT
technology is the metal-oxide semiconductors, and some of the most
promising oxides include ZnO, [1] InZnO, [2,3] ZnSnO, [4,5] and
InGaZnO. [6,7] However, metal-oxide TFTs still show instabilities, such
as instability induced by ambient, positive and negative bias, tempera-
ture, and light. This instability is usually due to carrier concentration
changes in the metal-oxide from the adsorption and further chemical
reaction with moisture (Hy0) and oxygen (O5) from the ambient [8-11]
or during the TFT fabrication. [9,12-15] Furthermore, the electric field
applied during typical TFT operation might accelerate the adsorption,
migration, and diffusion of Oy and Hy0, enhancing the TFT instability.
[7,16]

The demonstration of low-temperature and stable oxide-based thin-
film transistors without further increasing the fabrication complexity is
highly desirable. Relatively simple approaches such as depositing a
protective layer on the metal-oxide-semiconductor surface exposed to
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the atmosphere have been evaluated, such as inorganic passivation/
protection (SiO3, SiN,). Still, these films' deposition degrades the semi-
conductor due to the harsh processing environments and required
temperatures [17-22]. Regularly, the reduction of degradation occurs
using extended high-temperature post-deposition annealing. [19,23]
Nevertheless, the annealing limits the technology's application to rigid
substrates and limits oxide semiconductors' to high temperatures.
Organic films have also been used to improve metal-oxide stability, but
the uniformity and homogeneity of these organic films are challenging
to control, resulting in instability in device performance. [16,24-27]
In this work, ultrathin inorganic (HfO,, Al;03) nanofilms (referred to
as NF in the manuscript) deposited on top of fully fabricated
nanocrystalline-ZnO based TFTs are investigated, and the resulting
performance and reliability systematically evaluated to enable thin-film
transistors with AV < 1% after bias stress, negligible aging, Vrp.sat of
2.7 V, saturation mobilities larger than ten cm?/V-s, and current Ton/
Iopr ratios >10°. The conduction band offset (CBO) is about ~2.2 eV
[28,29] and ~ 3.0 eV [28,30] for HfO2/ZnO and Al;03/ZnO, respec-
tively. The band gap for ZnO, HfO,, and Al,O3 are 3.2, 5.6, and 7.0 eV,
respectively [31-33]. In addition, the electron and hole effective masses
are close to the following values: (a) ZnO are m¢* = 0.3 mg and mp* =
0.59 myg; (b) AlyO3 are me* = 0.4 mo, and mh* = 6.0 mg [34]; and (c)
HfO, are me* = 0.11 mp and mh* = 0.58 m [35,36], however, they
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could be as heavier as me* = 1.91 my and mh* = 9.9 mg in a cubic cell
[37]. All these values are referenced concerning the electron-free mass,
mo,

2. Materials and methods

The fabrication of the thin-film transistors occurred with conven-
tional photolithography. Fig. 1a shows the TFTs' plan view image, while
Fig. 1b shows a 3D representation. The substrate is glass coated with
100 nm of Indium-tin-oxide (ITO) with resistivity <6.8 x 10~% Qecm.
Before the dielectric deposition, the ITO surface is treated with oxygen-
based reactive-ion-etching (RIE) to eliminate any contamination.
Immediately after the RIE treatment, 15 nm of Al,O3 are atomic layer
deposited (ALD) with a substrate temperature of 100 °C. Trimethylalu-
minum and water are the precursors. Next, ZnO (50 nm) is pulsed laser
deposited. The substrate temperature and O, partial pressure are 100 °C,
and 2.67 Pa, respectively. The ablation occurred with a calibrated en-
ergy density of 1 J/cm?. Source and drain electrodes are then defined by
thermal evaporation of aluminum (100 nm) and patterned. Finally, each
transistor's ZnO channel is isolated from neighbor devices using a wet
etching process (Fig. 1b). TFTs are referred to as “as-fabricated” up to
this step. Finally, the sample is divided into four pieces for the NF
deposition with either none, HfO5 (10 nm, 100 °C), or Al;O3 (10 nm,
100 °C). Fig. 1c shows a cross-section of the TFTs with the nanofilm.

The nanofilms are atomic layer deposited. Before the deposition
process, the chamber pressure was controlled to 67 Pa using a constant
N, flow. Water vapor serves as the oxygen source, whereas trimethyla-
luminum (TMA, 97% purity) and tetrakisdimethylamido hafnium

(¢) NANOFILM

Fig. 1. (a) Microscope top view image and (b) 3D illustration of the fabricated
TFTs without nanofilm. (c¢) Cross-section illustration of the TFTs with top
nanofilm. The top nanofilm encapsulates ZnO, source, and drain.
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(TDMAHf, 99.99% purity) are the metal-organic precursors for
aluminum and hafnium, respectively. The pulse times were 15, 15, 50
ms for water, TMAH, and TDMAHTS precursors, respectively. The purge
time is 60 s for metal-organic precursors and 20 s for water. A total of
110 cycles results in 10 nm of both inorganic films. Following the
nanofilm deposition step, the samples were annealed in a 90/10% N/O2
atmosphere at 150 °C and 250 °C for 1 h.

The devices' characterization occurred at room temperature (RT),
dark, and air environment using a Keithley 4200-SCS semiconductor
parameter analyzer. The reliability analyses were performed applying 5
V to the gate (Vs) and drain (Vpg) simultaneously for 600 s. The stress
was interrupted with interspersed Ips-Vgs data characteristics collected
from Vgg = —1.5 to 5 V and Vpg = 5V, along with a pre-stress Ips-Vgs
collected just before bias stressing. To further study the barrier prop-
erties, aging was induced by further annealing the samples at 100 °C for
1 h in 90/10% N3/O;. The study of the nanofilms' structure occurred
using grazing angle X-ray (GIXRD) with a monochromatic copper source
(Cu Kol 1.54056 10\) and an incidence angle of 0.5°.

3. Results and discussion

The as-fabricated ZnO TFTs without nanofilm nor PFA are used as the
reference devices for the results and discussion. The Ips-Vpg for these
devices (W/L = 100/40) is shown in Fig. 2a and the normalized (W/L)
transfer characteristics in Fig. 2b. The transfer characteristics are pre-
cisely the same indicating negligible parasitic effects. The current ratio
(Ion/IoFr) is more significant than 108, with leakage current in the range
of 10713 A,

The saturation threshold voltage (Vrgsar) and the saturation
mobility (usat) are calculated by linear fitting the 1%55 vs. Vgs plot for Vpg
> Vs — Vry.sat- [38] The right axis in Fig. 2b shows the linear fit using
Eq. 1. The extracted Vrgsar and psar are 2.7 + 0.1 V and 13.3 + 0.4
cm?/V's, respectively. The subthreshold swing obtained using eq. 2 is
204 + 12 mV/DEC.

CoxW
Ips = MSATTOX(VGS — Vou_sar)’ (@]
dv,
5§ =9 _ 2

d(ZOgIDS) Max

Fig. 3a compares as-fabricated (open squares) transfer characteristics
to devices with the nanofilms before PFA. Neither Vry.sa nor psat are
significantly affected by the NF; however, both Iosr and the SS increase
for TFTs with NF. In our device configuration, due to the full depletion of
electrons in the channel, the Ippr is defined by the ultra-thin ZnO (i.e.,
ZnO thickness). Thus, Ippr can potentially be affected by conduction near
the top of ZnO. Therefore, the Alprr and ASS can be correlated to changes
in the density of trap states, not solely at the bottom-channel interface
but also positive charges at the top (TP), close to the S/D. The increase in
Iopr indicates the formation of a top conductive channel because of the
NF deposition, which affects the performance of as-fabricated TFTs. It is
important to note that the NF deposition is at low temperature and might
have a more fixed positive charge, thereby inducing the top channel as
reflected in the higher Ippr in Fig. 3a. [19]

The structural properties of the NF are in Fig. 3 (e - g). The as-
fabricated ZnO is polycrystalline and has a wurtzite structure with a
(0002) preferential orientation (JCPDS # 36-1451), as in Fig. 3e. On the
other hand, Al,O3 and HfO, show amorphous and polycrystalline
structures, respectively. HfO, has a broad peak around 32.7° corre-
sponding to the (111) monoclinic unit cell (JCPDS # 06-0318).

3.1. Device behavior after post-fabrication anneal (90/10 N2/02)

As discussed in the experimental section, a post-fabrication anneal
(PFA) is performed at either 150 or 250 °C for 1 h. in 90/10 N5/O4
ambient to reduce any defects introduced during the NF deposition.
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Fig. 2. Electrical performance of the reference ZnO TFT (without-top nanofilm and no-post-fabrication anneal). (a) Ips vs. Vps Output characteristics of a W = 100
and L = 40 pm. (b) Representative transfer characteristics of 4 different ZnO TFTs geometries. Dotted lines represent gate current (Igs).
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Fig. 3. Ips vs. Vg transfer characteristic under different top nanofilm conditions (no-bias stress): (a) as fabricated, (b) 150 °C, and (c) 250 °C post-fabrication anneal
(PFA). (d) Vrrsat, Psat, and SSsar parameters as a function of the nanofilm condition for different PFA (Each point is the average of 45 devices, Standard deviation is
also shown in the figure). The degradation of the TFT performance with 250 °C PFA is probably due to both interfaces' deterioration. (e) to (g) XRD results for ZnO,
Al,03, and HfO, with and without PFA.

Fig. 3 (b) and (c) show the Ips-Vgs characteristics for devices after 150 °C
and 250 °C PFA, respectively. The extracted TFT parameters for samples
with PFA are shown in Table 1.

The Vry.sar increases from 2.7 to 2.8 V for devices without the NF
and 150 °C PFA. Also, there is no significant change in threshold voltage
after 250 °C PFA, when compared to 150 °C. Iogr slightly increases with
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Table 1

Relation of device performance as a function of top nanofilm and post-annealing condition.
Parameter No Post Deposition Anneal 150 °C PFA 250 °C PFA

w/0 NF Al,05 HfO, w/o NF Al,O5 HfO, w/o NF Al,04 HfO,

Vrrsar (V) 2.7 +0.1 25+0.1 25+0.1 2.8+ 0.1 2.7 +£0.1 0.9+ 0.1 2.8+ 0.1 - -
Vg (V) 2.2+0.1 2.1+0.1 2.1+0.1 2.7 +£0.1 2.6 +£0.2 2.1+0.1 3.6 £ 0.1 - -
HSAT (cm?/Ves) 13.3+0.4 11.3+ 0.2 10.3 +£ 0.3 82+04 10.2 £ 0.1 5.1+0.1 2.7+04 - -
HFE (cmZ/Vcs) 17.4+ 0.4 15.5+ 0.7 14.3 + 0.6 11.6 + 0.7 13.9+ 0.2 12.1 £ 0.2 41+0.1 - -
SSsar (mV/DEC) 204 + 12 828 + 40 1060 + 46 271 £ 16 361 +£17 2883 + 98 520 + 28 - -
SSi v (mV/DEC) 181 +£7 1052 + 21 1330 + 22 254 +£ 16 319 +£18 2975 + 51 570 + 27 - -
Rsi.on (/00 4.4 x 10* 4.9 x 10* 4.7 x 10* 7.0 x 10* 6.0 x 10* 6.1 x 10* 2.1 x 10° - -
Rsp-orr (Q/00) 4.3 x 1012 4.2 x 107 1.8 x 107 2.8 x 10%° 4.7 x 10° 1.9 x 10° 1.3 x 10° - -

1 Vg is the threshold voltage extracted from the extrapolation of the linear portion of the Ips-Vgs, from maximum slope to zero current for small Vpg voltages (Vps =

0.1V).

annealing temperature, and SSsarincreases 32.8% and 154.9% after 150
and 250 °C PFA, respectively. The increase in SS indicates the filling of
trap states near the bottom of the ZnO. These trap states can be a result
of the formation of oxygen vacancies, [39-41] hydrogen [42,43], carbon
[44,45], or roughness induced defects due to substrate instabilities [38]
at the bottom-channel. This increase in the density of interface traps
causes an increase of the Coulomb scattering, which causes a decrease in
electron mobility, as observed in Fig. 3d.

Devices with Al,O3 NF followed by 150 °C PFA show two orders of

As fabricated

magnitude decrease in Ipgr, a reduction of 56% in SS, and an 8% increase
in Vrgsar compared to the reference samples. This result indicates that
the anneal reduced positively fixed, thereby mitigating the top
conductive channel. [46]

For devices with HfO, NF, the Ippr increases two orders of magni-
tude, and SS increases 172%, after 150 °C PFA compared with the
reference samples but shows a negative Vg gar shift of ~2 V. This de-
notes the addition of positive oxide charge. Impurities likely cause this
additional charge from the low-temperature deposition process.
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(a) w/o Nanofilm (b) ALO, 4F (d) As-Fabricated
-5 .
1 AViy 1
b
107 1
3
4 1
L-,'Q 10”7 1
[
= 1
- 1071 1
{1 |
1
10-15 1 1 1 1 1 1 1 1 ! ! : "
0 2 4 0 2 4 0 2 4
. = - - , 2 1 10 100 1000
Vas (V) Vs (V) Ves V) Stress Time (s)
— Non-Passivation —Al,O, — HfO,
- 150 °C PFA Ves=Vps = 5V, W100/L40
(e) w/o Nanofilm (f) AL,O, o _ 34} (h) 150 °C PFA
n L
2
2
< =
% PR
= 0 to 600 s & I
$ > ~10! r \j—;/i~»\v/j/'/
E i 10.2r < D —Tmaems —¢d—>

Yopgr

time evolution of the percentage changes in Vrpy.gar, Hsat, and SSgar parameters for as fabricated and after 150 °C PFA, respectively.
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Contrary to Al,Os, these impurities can readily diffuse in HfO, NFs due
to its nanocrystalline character. [47,48] These positively charged con-
taminants are likely located in close proximity to the NF/ZnO interface
resulting in the formation of a top conductive layer [39,49-52] and
increasing the carrier concentration in ZnO, resulting in negative AVyy.
It is important to note that there is no degradation in the drain saturation
current in the 4-6 V range (Fig. 3 a-b). The fact that the drain current is
not reduced, even with the increase in SS and Ippr, demonstrates top
channel conduction and requires a more negative gate voltage to turn
the TFT off. [46] If there are generated defects acting as interfacial traps
that increased SS and Ipgr, then there would have been a noticeable
decrease in the drain saturation current, as typically seen in the litera-
ture. [53,54] Devices with Al;03- and HfO,- nanofilms show severe
degradation after 250 °C PFA. This degradation could be due to the
diffusion of atoms at the interface semiconductor/dielectric, leading to
oxygen vacancies and hydrogen or carbon diffusion. [39,42,51,55,56]

3.2. Device stability under a positive bias stress

The 250 °C PFA is detrimental to all the devices regardless of NF;
thus, they were not further analyzed. However, the sample with 150 °C
PFA and Al;03 NF show substantial improvement from its as fabricated
counterpart. Next, bias stress studies are used to study the NF's impact on
device stability and reliability for not annealed and 150 °C PFA devices.
The figure of merit for the analyses is the percentage threshold voltage
shift (%V7y.sa7) measured concerning the initial or t = 0 s value. Similar
calculations were used for %SS and %pgat. Fig. 4 (a) to (c) shows the
representative transfer characteristics, while Fig. 4d shows the change of
the figure of merits with stress time for the as-fabricated samples.

3.2.1. Bias stress in unannealed devices

The positive % Vg sat of the reference sample (Fig. 4a) indicates that
negative charge trapping occurs in the bottom-channel with minimum
or negligible impact due to the top channel. States responsible for
trapping can be either interface states, oxide/ dielectric states, or both.
The %SS is not affected in TFTs without NF; therefore, the dominant %
Vrr.sar mechanism in these devices is due to oxide trapped states. This
mechanism is also present in TFTs with NFs, given that all devices have
the same MOS structure. However, the magnitude and direction of %SS
and %Vry.sar are different, suggesting that the NF, and ultimately the
top channel, play an essential role in the degradation mechanism. [39]

The %Vrysar is negative in TFTs with Al,O3- (Fig. 4b) and HfO,-
(Fig. 4c) nanofilm, indicating an increase in positive charge concentra-
tion. The change of Ippr also suggests a more conductive channel, while
the ASS hints that the charge is near the interface under these bias stress
conditions. This charge might be due to generated defects at the top-
channel and near the drain with the prolonged bias stress. [57]
Because |%Vry.sar| in HfO; is bigger than Al,O3, the charge trapping
density is more significant in HfO,. This concentration difference can be
related to the nanocrystalline and amorphous character of HfO, and
Al,03, respectively (Fig. 3).

3.2.2. Bias stress after 150 °C post-fabrication anneal

Representative transfer characteristics after stress for the TFTs after
150 °C PFA are in Fig. 4 (e) to (g). The quantification of changes in
device performance is in Fig. 4h. For non-passivated devices, the % Vg
sar is positive for the initial 100 s, suggesting that the instability is due to
negative-charge accumulation in the bottom A»03/ZnO interface. This
behavior is the dominant degradation mechanism of ZnO-based TFTs.
[58] However, after 100 s of stress, %Vry.sat becomes negative, sug-
gesting that a more conductive channel is forming. This can be due to the
absorption of moisture, nitrogen, and carbon from the atmosphere in the
exposed non-passivated top surface. These molecules can induce
dangling bonds and vacancies during the prolonged bias stress, which
overcomes the negative trapping occurring at the bottom interface.

Devices with HfO, (Fig. 4g) nanofilms show a negative %Vry.sat,
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increased %SS and reduced %pgat. This suggests that the top channel is
becoming more conductive, creating additional degradation besides the
negative charge trapping at the bottom channel. The polycrystalline
character of these films can be beneficial for forming defects because of
grain boundaries, resulting in considerable more charge accumulation.

On the contrary, devices with Al;03-NF show the smallest %SSgat
(+3.9%), %Vrrsar (+0.8%) and %psat (—1.75%) (Fig. 4f). These de-
vices show a unique turnaround effect. This behavior could be due to a
competing mechanism that results in %Vry.saT neutralization. At the
beginning of the stress, the top channel's increased conductivity domi-
nates the degradation, resulting in a negative %Vyg.sar. The prolonged
field applied during the bias stress can increase the concentration of
defects at the top channel (dangling bonds and vacancies), but the
amorphous character of the Al,O3 limits the creation of many new trap
states, contrary to what is observed in HfO,. Simultaneously, the con-
ventional negative charge trapping mechanism occurs at the bottom
interface, resulting in positive %V7ysar. The competition of these
mechanisms at the top and bottom interfaces results in instability
neutralization, as observed in Fig. 4f.

3.3. Device aging in air

The accelerated aging study consists of device annealing (100 °C, 1
h). Fig. 5 shows the TFT performance before and after aging. Vry.gar and
usat decrease 32.1% and 8.1%, respectively, for devices without NF. SS
increases by 8.7%. The increase in Ippr and SS after aging indicates an
increase in trap states in the top channel. The negative change of Vyp.gar
indicates a more conductive channel after aging. As mentioned, the
adsorption of moisture and contaminants in the ambient onto the
exposed ZnO surface can occur. These contaminants can be positively
charged and shift Vyy ga negatively by the accumulation of this charge.

Devices with Al;03 NF show no deterioration in TFT performance
after aging, as shown in Fig. 5b. Therefore, Al;O3 neutralizes the
instability induced by prolonged bias stress and forms an excellent
barrier against diffusion. This results in highly stable devices with
excellent performance for large-area, low temperature, and novel elec-
tronic applications.

3.4. Proposed degradation mechanism

Fig. 6 shows the proposed mechanism for the behavior observed.
Devices without NF (Fig. 6a) are affected by moisture and probably
hydrocarbons in the air. These contaminants can adhere to the exposed
ZnO channel's surface and induce the formation of a top-channel. The
incorporation of the NF/protection layer blocks these molecules'
adsorption onto the ZnO top surface, as shown in Fig. 6b. Nevertheless,

-O- After

-+ Before
L (b) ALO,

Aging: 100 °C, 1 hr in Air
a (a) w/o NF

Vps=6V
W/L = 100/40 um

L/W-Ipg (A)

Vas (V)

Fig. 5. Aging impact comparison for different samples: (a) Without top nano-
film, and (b) Al,O3 nanofilms. The reference used for each condition is the
device with 150 °C PFA. Devices with Al;03-NF show zero-aging
induced shifting.



R.A. Rodriguez-Davila et al.

(a) w/o NanoFilm . (b) w/ NanoFilm

o, H,0

P ¢

Boundaries

- Bottom Channel I:I Induced Top Channel

the addition of these low-temperature high-k dielectrics may inherently
introduce a positive charge in the oxide, which causes the development
of a conductive layer at the top surface. These positive charges in the NF
would attract electrons from the ZnO, effectively creating a top-channel,
similar to devices without top NF.

Despite the barrier effectiveness of the NFs used, the concentration of
oxide traps can be affected due to temperature (PFA or aging), and it is
clearly dependent on the material. The filling of trap states is limited in
Al,O3 films, probably due to its amorphous structure, while the HfO,
might increase due to its polycrystalline character. [59-61] The results
from the deposition of an inorganic amorphous film demonstrate the
balance between defects and vacancies that exist, as shown in this
research. The presence of grain boundaries allows more migration of
positive charges and lowers the quality of interfaces in close proximity to
the top ZnO surface, resulting in devices with more substantial
instability.

4. Conclusion

This work provides a novel method to enable a low-temperature and
simple fabrication process for ZnO thin-film transistors (TFTs) with
negligible aging and reduced instability after electrical stress. Devices
with ultra-thin AlpOj3 films followed by a 150 °C PFA show threshold
voltage shift (AVyy) of <1% after bias stress and negligible shift after
aging for 1000 s with a saturation threshold voltage (Vyy.sat) of 2.7 V,
saturation mobilities larger than ten cm?/V-s, and current ratios >105,
The results suggest that Al;03 or HfO5 deposition without PFA increases
the conductivity at the top-channel interface, degrading device perfor-
mance compared to devices without nanofilm. The neutralization of
trapped charge occurs by performing a post-fabrication anneal.
Annealing the devices at 250 °C severely impacts the TFT performance
with and without top nanofilm, while a 150 °C annealing shows sub-
stantial improvement, particularly for Al;O3 nanofilms. The negligible
AVry.sat for AlyOs-nanofilms indicates a competing effect with negative
trap states at the bottom-channel and positive trap states at the top-
channel, resulting in effective charge neutralization increasing the de-
vice stability. With low-temperature fabrication, Al,O3 nanofilms are an
excellent barrier for devices against ambient conditions. Furthermore,
for the stress time used in this work, Al,O3 nanofilms limited the bias
stress instability of devices. This result is remarkable for large-area
electronic applications where prolonged or heavy usage could be ach-
ieved, even with fabrication that uses low-temperature processing.
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Fig. 6. Proposed instability mechanism for different
top surface conditions and annealing/aging. The
cross-section for the different conditions analyzed: (a)
Without nanofilm; (b) with nanofilm; and (c) with
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