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SUMMARY: 28 
Anodization parameters for growth of the aluminum-oxide dielectric layer of zinc-oxide thin-film 29 
transistors (TFTs) are varied to determine the effects on the electrical parameter responses. 30 
Analysis of variance (ANOVA) is applied to a Plackett-Burman design of experiments (DOE) to 31 
determine the manufacturing conditions that result in optimized device performance. 32 
 33 
ABSTRACT: 34 
Aluminum-oxide (Al2O3) is a low cost, easily processable and high dielectric constant insulating 35 
material that is particularly appropriate for use as the dielectric layer of thin-film transistors 36 
(TFTs). Growth of aluminum-oxide layers from anodization of metallic aluminum films is greatly 37 
advantageous when compared to sophisticated processes such as atomic layer deposition (ALD) 38 
or deposition methods that demand relatively high temperatures (above 300 °C) such as aqueous 39 
combustion or spray-pyrolysis. However, the electrical properties of the transistors are highly 40 
dependent on the presence of defects and localized states at the semiconductor/dielectric 41 
interface, which are strongly affected by the manufacturing parameters of the anodized dielectric 42 
layer. To determine how several fabrication parameters influence the device performance 43 
without performing all possible combination of factors, we used a reduced factorial analysis 44 
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based on a Plackett-Burman design of experiments (DOE). The choice of this DOE permits the use 45 
of only 12 experimental runs of combinations of factors (instead of all 256 possibilities) to obtain 46 
the optimized device performance. The ranking of the factors by the effect on device responses 47 
such as the TFT mobility is possible by applying analysis of variance (ANOVA) to the obtained 48 
results. 49 
 50 
INTRODUCTION:  51 
Flexible, printed and large area electronics represent an emerging market that is expected to 52 
attract billions of dollars in investments in upcoming years. To achieve the hardware 53 
requirements for the new generation of smartphones, flat panel displays and internet-of-things 54 
(IoT) devices, there is a huge demand for materials that are lightweight, flexible and with optical 55 
transmittance in the visible spectrum without sacrificing speed and high performance. A key 56 
point is to find alternatives to amorphous silicon (a-Si) as the active material of the thin-film 57 
transistors (TFTs) used in the drive circuits of most of the current active-matrix displays (AMDs). 58 
a-Si has low compatibility to flexible and transparent substrates, presents limitations to large-59 
area processing, and has a carrier mobility of about 1 cm2∙V-1∙s-1, which cannot meet the needs 60 
of resolution and refresh rate for next generation displays. Semiconducting metal oxides (SMOs) 61 
such as zinc oxide (ZnO)1–3, indium zinc oxide (IZO)4,5 and indium gallium zinc oxide (IGZO)6,7 are 62 
good candidates to replace a-Si as the active layer of TFTs because they are highly transparent in 63 
the visible spectrum, are compatible to flexible substrates and large area deposition and can 64 
achieve mobilities as high as 80 cm2∙V-1∙s-1. Moreover, SMOs can be processed in a variety of 65 
methods: RF sputtering6 , pulsed laser deposition (PLD)8, chemical vapor deposition (CVD)9, 66 
atomic layer deposition (ALD)10, spin-coating11, ink-jet printing12 and spray-pyrolysis13.  67 
 68 
However, few challenges such as the control of intrinsic defects, air/UV stimulated instabilities 69 
and formation of semiconductor/dielectric interface localized states still need to be overcome to 70 
enable the large-scale manufacturing of circuits comprising SMO-based TFTs. Among the desired 71 
characteristics of high performance TFTs, one can mention the low power consumption, low 72 
operation voltage, low gate leakage current, threshold voltage stability and wideband frequency 73 
operation, which are extremely dependent on the gate dielectrics (and the 74 
semiconductor/insulator interface as well). In this sense, high-κ dielectric materials14–16 are 75 
particularly interesting since they provide large values of capacitance per unit area and low 76 
leakage currents using relatively thin films. Aluminum oxide (Al2O3) is a promising material for 77 
the TFT dielectric layer since it presents a high dielectric constant (from 8 up to 12), high dielectric 78 
strength, high electrical resistivity, high thermal stability and can be processed as extremely thin 79 
and uniform films by several different deposition/growth techniques15,17–21. Additionally, 80 
aluminum is the third most abundant element in the Earth’s crust, what means that it is easily 81 

available and relatively cheap compared to other elements used to produce high- dielectrics. 82 
 83 
Although deposition/growth of Al2O3 thin (below 100 nm) films can be successfully attained by 84 
techniques such as RF magnetron sputtering, chemical vapor deposition (CVD), atomic layer 85 
deposition (ALD), the growth by anodization of a thin metallic Al layer17,18,21–26 is particularly 86 
interesting for flexible electronics owing to its simplicity, low cost, low temperature, and film 87 
thickness control in nanometric scale. Besides, anodization has a great potential for roll-to-roll 88 



   

(R2R) processing, which can be easily adapted from processing techniques already being used at 89 
industrial level, permitting quick manufacturing upscaling. 90 
 91 
Al2O3 growth by anodization of metallic Al can be described by the following equations 92 
 93 

2𝐴𝑙 + 3 2⁄ 𝑂2 → 𝐴𝑙2𝑂3 
 

(1) 

2𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙2𝑂3 + 3𝐻2 (2) 
 94 
where the oxygen is provided by the dissolved oxygen in the electrolyte solution or by the 95 
adsorbed molecules at the film surface, whereas the water molecules are promptly available 96 
from the electrolyte solution. The anodized film roughness (which affects the TFT mobility due 97 
to carrier scattering at the semiconductor/dielectric interface) and the density of localized states 98 
at the semiconductor/dielectric interface (which affects the TFT threshold voltage and electrical 99 
hysteresis) are strongly dependent on anodization process parameters, to name a few: the water 100 
content, the temperature and the pH of the electrolyte24,27. Other factors related to the Al layer 101 
deposition (like evaporation rate and metal thickness) or to post-anodization processes (like 102 
annealing) can also influence the electrical performance of fabricated TFTs. The effect of these 103 
multiple factors on response parameters can be studied by varying each factor individually while 104 
keeping all other factors constant, which is an extremely time-consuming and inefficient task. 105 
Design of experiments (DOE), on the other hand, is a statistical method based on the 106 
simultaneous variation of multiple parameters, which permits the identification of the most 107 
significant factors on a system/device performance response by using a relatively reduced 108 
number of experiments28. 109 
 110 
Recently, we have used multivariate analysis based on a Plackett-Burman29 DOE to analyze the 111 
effects of Al2O3 anodization parameters on the performance of sputtered ZnO TFTs18. The results 112 
were used to find the most significant factors for several different response parameters and 113 
applied to the optimization of the device performance changing only parameters related to the 114 
anodization process of the dielectric layer. 115 
 116 
The current work presents the whole protocol for manufacturing TFTs using anodized Al2O3 films 117 
as gate dielectrics, as well a detailed description for the study of the influence of the multiple 118 
anodization parameters on the device electrical performance by using a Plackett-Burman DOE. 119 
The significance of the effects on TFT response parameters such as the carrier mobility is 120 
determined by performing analysis of variance (ANOVA) to the results obtained from the 121 
experiments. 122 
 123 
PROTOCOL: 124 
 125 
The protocol described in the present work is separated into: i) preparation of the electrolytic 126 
solution for anodization; ii) substrate cleaning and preparation; iii) anodization process; iv) 127 
deposition of the TFT active layer and drain/source electrodes; v) TFT electrical characterization 128 
and analysis and vi) application of ANOVA to determine the significance of the manufacturing 129 



   

factors in the TFT mobility. 130 
 131 
1. Preparation of the electrolytic solution for anodization  132 
 133 
1.1. Perform all the procedures of the protocol inside a cleanroom or a laminar flow cabinet, 134 
to avoid dust or contaminants during the sample preparation. 135 
 136 
1.2. Prepare two solutions of tartaric acid (0.1 M) in different water/ethylene glycol volume 137 
ratios (16% and 30%), which will be used as the anodization electrolytic solution. Use the water 138 
content in the electrolytic solution as fabrication parameter of the anodized layer. 139 
 140 
1.3. In a 150 mL beaker, dissolve 1.5 g of tartaric acid into 16 mL of deionized water and 84 141 
mL of ethylene glycol to obtain a 16% water electrolyte stock solution. For a 30% water 142 
electrolyte stock solution, use 1.5 g of tartaric acid, 30 mL of deionized water and 70 mL of 143 
ethylene glycol. Stir both solutions using a magnetic bar for 30 min. 144 
 145 
1.4. Separate about 10-20 mL of ammonium hydroxide (NH4OH) solution (as purchased, 28 – 146 
30% NH3 in volume) in a 20 mL beaker to make the rough adjustment of the pH of the electrolytic 147 
solution.  148 
 149 
1.5. Prepare 80 mL of a diluted solution (about 2% in volume) from the original NH4OH 150 
solution to make the fine control of the pH of the electrolytic solution. 151 
 152 
1.6. Separate the electrolyte solution into a 150 mL beaker to adjust the pH of the solution. 153 
 154 
1.7. Measure the pH of the electrolytic solution using a bench pH meter. Start pipetting the 155 
more concentrated NH4OH until the pH is close to the desired pH (5 or 6). 156 
 157 
1.8. Pipette the more diluted NH4OH solution into the electrolytic solution until the pH is set 158 
in the desired value. Prepare the electrolyte solutions at pH values of 5 and 6 to study the effect 159 
on the anodization process. 160 
 161 
2. Substrate cleaning and preparation 162 
 163 
2.1. Use 20 mm x 25 mm glass slides (1.1 mm thick) as substrates. 164 
 165 
2.2. Sonicate the glass slides in a heated (60 °C) alkaline detergent solution (5% in deionized 166 
water) for 15 min. Rinse abundantly in deionized water and dry in clean dry air (CDA) or nitrogen. 167 
 168 
2.3. Sonicate the glass slides in acetone (ACS reagent grade or superior) for 5 min. Dry the 169 
substrates in CDA or nitrogen. 170 
 171 
2.4. Sonicate the glass slides in isopropanol (ACS reagent grade or superior) for 5 min. Dry the 172 
substrates in CDA or nitrogen. 173 



   

 174 
2.5. Insert the substrates into the chamber of a plasma cleaner, close the lid and evacuate the 175 
chamber using a vacuum pump. 176 
 177 
2.6. When the vacuum is achieved, switch on the RF generator at medium power (10.5 W) for 178 
5 min. After plasma cleaning, the substrates are ready for aluminum gate deposition. 179 
 180 
3. Aluminum gate electrode evaporation 181 
 182 
3.1. Insert the glass slides into mechanical shadow masks to deposit an aluminum stripe of 25 183 
x 3 mm. This aluminum stripe will be used as the TFT gate electrode and the aluminum oxide 184 
layer formed by anodization will be the TFT dielectric layer. Example of shadow mask design for 185 
the gate electrode is presented in the supplementary files. 186 
 187 
3.2. Place the substrates with the shadow mask inside the chamber of the thermal 188 
evaporating chamber for the aluminum layer deposition. Shut the chamber. Start the chamber 189 
evacuation procedure. Wait until the chamber pressure is below 2.0 x 10-6 mbar to start the 190 
thermal evaporation.  191 
 192 
3.3. Deposit the aluminum layer. Use two different thicknesses (60 nm and 200 nm) to 193 
evaluate the effect on the dielectric layer. Use two different evaporation rates 5 Å/s and 15 Å/s 194 
to study the influence of the Al evaporation rate. 195 
 196 
3.4. Remove the samples from the evaporation chamber after aluminum evaporation. 197 
 198 
3.5. Remove the glass slides with the aluminum stripe from the masks and check if the 199 
aluminum layer was properly deposited. The electrode is ready for the anodization process. 200 
 201 
4. Anodization process of the aluminum layer 202 
 203 
4.1. Attach two alligator clip connectors in a plastic lid that fits on top of the beaker. This lid 204 
can be 3-D printed. 205 
 206 
4.2. Connect one of the clip connectors to the aluminum strip of a glass slide and the other to 207 
a gold-plated stainless-steel sheet (0.8 mm thick, 20 x 25 mm). Face both electrodes towards 208 
each other with a separating distance of about 2 cm. 209 
 210 
4.3. Use approximately 150 mL of the electrolytic solution (after pH adjustment) in a 150 mL 211 
beaker. Use a small magnetic bar to stir the solution during the anodization procedure. 212 
 213 
4.4. Place the beaker on top of a magnetic stirrer with heating. Adjust the temperature to the 214 
desired value (40 °C and 60 °C were used in the current paper). 215 
 216 
4.5. Immerse the electrodes in the electrolytic solution by covering the beaker with the plastic 217 



   

lid attached to the clip connectors. 218 
 219 
4.6. Connect the aluminum electrode to the positive output and the golden-plated stainless-220 
steel electrode to the negative output of a current/voltage source and measuring unit (SMU). 221 
 222 
4.7. Calculate the submerged area of the aluminum electrode and apply a constant current 223 
equivalent to the desired current density (we used two values 0.45 mA/cm2 and 0.65 mA/cm2) 224 
and monitor the linear increase of the voltage until the pre-set final value (we used VF = 30 V and 225 
VF = 40 V). 226 
 227 
4.8. After the final voltage is achieved, switch the SMU from the current source to the voltage 228 
source and apply a constant voltage (equal to the final voltage) during a time long enough to the 229 
current decrease next to zero (about 5 min). Use a script in Python 2.7 to automatically control 230 
the SMU during anodization process. A copy of this script is available in the supplementary files 231 
section. 232 
 233 
4.9. Remove the electrodes from the electrolytic solution, rinse abundantly with deionized 234 
water, dry with CDA or nitrogen and store the Al/Al2O3 glass substrates until use. 235 
 236 
4.10. To observe the effect of annealing on the dielectric layer, anneal the substrates in an oven 237 
at 150 °C for 1 h. 238 
 239 
5. Deposition of the ZnO Active layer 240 
 241 
5.1. Insert the substrates with the anodized aluminum oxide layer in appropriate mechanical 242 
shadow masks for active layer deposition. 243 
 244 
5.2. Place the substrates with the masks inside the chamber of the sputtering system. Use a 245 
ZnO (99.9%) sputtering target. Close the chamber and start the evacuating procedure. 246 
 247 
5.3. Adjust the Ar pressure to 1.2 x 10-2 Torr and the RF power to 75 W and start the ZnO 248 
deposition. Control the deposition rate at 0.5 Å/s. Stop the ZnO deposition when the active layer 249 
thickness achieves 40 nm. 250 
 251 
5.4. Open the chamber and remove the samples. 252 
 253 
6. Drain and source electrodes deposition 254 
 255 
6.1. Insert the samples with the sputtered ZnO layer in appropriate mechanical shadow masks 256 
for TFT source/drain electrodes deposition. An appropriate drain and source electrode spacing is 257 
100 µm, with a lateral overlapping of 5 mm. A template of the drain/source mask design is 258 
supplied with the supplementary files. In such a configuration, notice that both drain and source 259 
electrodes are identical and can be interchangeable without change on the device operation. 260 
 261 



   

6.2. Place the samples attached to the shadow masks inside the chamber of the thermal 262 
evaporating system and start the procedure for aluminum evaporation. 263 
 264 
6.3. Deposit a 100 nm Al layer at a deposition rate of 5 Å/s to obtain the drain/source 265 
electrodes on top of the active layer, finishing the TFT manufacture procedure. 266 
 267 
6.4. Remove the TFTs from the evaporation chamber, check the quality of the deposited 268 
electrodes and store them protected from light until use. 269 
 270 
7. TFT electrical characterization 271 
 272 
7.1. Place the TFTs on a semiconductor probe station or custom sample holder. Connect the 273 
gate, drain and source electrodes using spring-probe connectors for electrical contacts. 274 
 275 
7.2. Connect the probes to a two-channel source-measuring unit (recommended Keithley 276 
2612B or similar). Connect the gate electrode to the “high” output/input of channel 1 and the 277 
drain (or source) electrode to the “high” output/input of channel 2. Short the “low” output/input 278 
terminals of both channels and the source (or drain) electrode, which remained disconnected. 279 
 280 
7.3. Obtain characteristic TFT curves. Obtain the output curve by applying constant voltage 281 
bias at the gate (Vg) and sweeping the drain-source voltage (VDS) and recording the drain-source 282 
current (IDS). Obtain the transfer curve by recording the drain-source current (IDS) while sweeping 283 
the gate voltage (Vg) and maintaining the drain-source voltage (VDS) constant. 284 
 285 
7.4. Plot the square root of the drain current versus the gate voltage ((IDS)1/2 vs. Vg) and obtain 286 
the carrier mobility in the saturation regime (µs) from the curve slope and the threshold voltage 287 
from the x-axis intercept of the linear portion of the curve. 288 
 289 
7.5. If wanted, determine other performance parameters from the transistors curves as 290 
described elsewhere18. 291 
 292 
8. ANOVA and influence of design factors on device performance 293 
 294 
8.1. Use a software to set a design of experiment (DOE) based on a Placket-Burman matrix 295 
considering 8 fabrication factors. We used Chemoface, which is a free, user-friendly software 296 
developed by Federal University of Lavras (UFLA), Brazil30. 297 
 298 
8.2. Use as factors the anodization parameters: i) the thickness of the Al layer; ii) the Al 299 
evaporation rate; iii) the water content in the electrolytic solution; iv) the temperature of the 300 
electrolyte; v) the pH of the electrolytic solution; vi) the current density during anodization; vii) 301 
the annealing temperature and viii) the final voltage of anodization. 302 
 303 
8.3. For each factor, consider two levels, as given by Table 1. 304 
 305 



   

8.4. Assemble the Plackett-Burman design table aided by the DOE software as given by Table 306 
2. 307 
 308 
8.5. Prepare the TFTs varying the fabrication parameter according to the 12 generated “runs” 309 
from Table 2. Each run provides a representative variation of the fabrication factors without the 310 
need to perform all 256 (28) possible combinations for a two-level, eight-parameters experiment. 311 
 312 
8.6. Feed the DOE table from the software with the performance data from TFT 313 
characterization (e.g., TFT mobility in saturation) following the manufacturing directions of each 314 
run. 315 
 316 
8.7. Add as many replicates from different devices using the same fabrication factors to 317 
increase the number of degrees of freedom for the analysis. 318 
 319 
8.8. Perform ANOVA from the data and analyze the output to determine which anodizing 320 
parameters influence most the TFT performance. 321 
 322 
REPRESENTATIVE RESULTS:  323 
Eight different aluminum oxide layer manufacture parameters were used as the fabrication 324 
factors which we used to analyze the influence on the TFT performance. These factors are 325 
enumerated in Table 1, where the corresponding “low” (-1) and “high” (+1) values for the two-326 
level factorial DOE are presented. 327 
 328 
For simplicity, each manufacturing factor was named by a capital letter (A, B, C, etc.) and the 329 
corresponding “low” or “high” level represented by -1 and +1, respectively. The Placket-Burman 330 
DOE matrix considering eight factors varying in two levels results 12 experimental runs, with the 331 
combination of levels given by Table 2. 332 
 333 
Each experimental run from Table 2 defines the fabrication conditions used to produce the Al2O3 334 
layer used as the dielectric layer of a set of transistors with similar expected characteristics. Each 335 
set of transistors was electrically characterized by the TFT output and transfer curves. To obtain 336 
the mobility in the TFT saturation regime, we use the relationship between the channel current 337 
(ID) and the gate voltage: 338 
 339 

𝐼𝐷 =
𝑤𝐶𝑖

𝐿
𝜇
(𝑉𝐺−𝑉𝑡ℎ)

2

2
 (4) 340 

 341 
where w is the channel width, L, the channel length, and Ci, the dielectric layer capacitance per 342 
unit area. The transfer curve for a TFT built according to manufacturing parameters given by run 343 
#3 from Table 2 is shown in Figure 1. The ID

1/2 vs. VG curve is also depicted in Figure 1, allowing 344 
the evaluation of the TFT mobility (µ) from the slope of the curve and the threshold voltage (Vth) 345 
from the extrapolation of the linear region to the horizontal axis. 346 
 347 
The values for the mobility for all built transistors according to the 12 runs parameters were 348 



   

computed in a table and used to feed input of the PB DOE assembled using the DOE/ANOVA 349 
analysis software (Chemoface). For each set of fabrication parameters, 6 replicated TFTs were 350 
built, resulting in 72 devices. By performing ANOVA, it is possible to rank the most significant 351 
factors, which can be graphically expressed using a Pareto chart of effects as shown in Figure 2a. 352 
Figure 2 presents the results from the analysis considering the TFT mobility as the response 353 
parameter. Similar analysis can be done for different device response parameters (on/off ratio, 354 
Vth, etc.). Figure 2b shows the table of effects and corresponding factor significance. The results 355 
demonstrate that the most significant factor for the TFT mobility is the final voltage (H) used 356 
during the anodization process. The final voltage is directly proportional to the dielectric layer 357 
thickness. The growth ratio is about 1.2 nm/V, which results, for example, in a 48 nm thick layer 358 
when using a final voltage of 40 V. Other significant factors were (in the following order): the Al 359 
evaporation rate (factor B), the thickness of the Al layer (factor A), the water content in the 360 
electrolyte (factor C) and the pH of the electrolyte (factor E). Moreover, all significant factors 361 
were found to be “negative”, which means that the TFT mobility decreases as the factor is 362 
changed from the “low” (-1) level to the “high” (+1) level given by Table 1. The significance of the 363 
manufacturing factors can be used as a direction to obtain optimized TFT performance for a 364 
particular response parameter (TFT mobility, in the current case). 365 
 366 
Figure 1: Transfer curve obtained from a TFT manufactured according to Run #3. The slope of 367 
the (IDS)1/2 vs. VG allows the determination of the TFT mobility and the intercept with the x-axis, 368 
the threshold voltage (Vth). 369 
 370 
Figure 2: (a) Pareto chart of effects on the TFT mobility. (b) Table of effects and corresponding 371 
factor significance. 372 
 373 
Table 1: Manufacturing parameters of the aluminum oxide TFT dielectric layer. Each factor has 374 
a corresponding “low” (-1) or “high” (+1) value. 375 
 376 
Table 2: Plackett-Burman (PB) design of experiment matrix 377 
 378 
DISCUSSION: 379 
The anodization process used to obtain the dielectric has a strong influence on the performance 380 
of the TFTs fabricated, keeping constant all geometrical parameters and the fabrication 381 
parameters of the active. For the TFT mobility, which is one of the most important performance 382 
parameters for TFTs, it can vary more than 2 orders of magnitude by changing the manufacturing 383 
factors in the range given by Table I. Therefore, the careful control of the anodization parameters 384 
is of great importance when fabricating devices comprising anodized Al2O3 gate dielectrics. The 385 
presence of localized states due to charges/dipoles at the semiconductor/dielectric layer is one 386 
of the most significant causes of change in the device performance, especially for TFT mobility. 387 
Substrate cleaning is very important to avoid spurious variation of electrical parameters from 388 
device characterization. Use of alkaline residue-free detergent, use of deionized water for 389 
abundantly rinsing the substrates, use of analytical pure acetone and isopropanol for substrate 390 
cleaning and plasma cleaning are of extreme importance to assure the cleaning of the substrates 391 
and the reproducibility of the process. Rinsing and drying the substrates after the growth of the 392 



   

anodized layer have also be undertaken with extreme care. Control of the pH of the electrolyte, 393 
of the temperature of the electrolyte and stirring the electrolyte solution during anodization are 394 
also sources of random variation of the results. Contamination by dust also needs to be avoided 395 
by performing all steps inside a clean-room or a laminar flow cabinet. The type of acid used in 396 
the electrolyte also affects strongly the anodization process, however, because the effect of such 397 
factor cannot be properly quantified in a DOE, we used only tartaric acid, which results in good 398 
results for anodization. 399 
 400 
The use of ANOVA to determine the significance of each manufacturing factor is an extremely 401 
powerful tool for device performance optimization. However, to obtain reliable results, it is 402 
essential to guarantee that the variance in the analyzed response parameter is due to factor 403 
variation and not by miscarried experimental procedure. A key point is to make as many 404 
replicates of each experimental run as possible. Although this increases the number of 405 
experiments that need to be performed, it increases the analysis reliability by increasing the 406 
number of degrees of freedom of the experimental design. A good strategy which was adopted 407 
in the current procedure was to produce 2 samples with 3 TFTs each. Therefore, the experimental 408 
run was repeated just once, but we had 6 replicated results from different devices. This also 409 
allowed to evaluate the variance for TFTs from the same substrate (same dielectric and 410 
semiconducting layers) and for TFTs from different substrates (different dielectric and 411 
semiconducting layers but fabricated according to the same procedure). If the variance for 412 
devices fabricated according to the similar manufacturing factors is low compared to the variance 413 
due to substantial changes in the manufacturing factors, the reproducibility of the process is 414 
acceptable. 415 
 416 
As stressed before, Plackett-Burman design of experiments is very convenient for experiments 417 
with a high number of factors, since it permits a considerable reduction in the number of 418 
experiments. For 8 experimental factors, the number of experiments compared to a full-factorial 419 
design is reduced from 256 (28) to only 12. However, this reduction has the cost that the 420 
interaction between the factors cannot be evaluated. Therefore, for systems which the influence 421 
of the cross-factors is expected to be relevant, PBD is not the best option. A possibility is to use 422 
a PBD to screen the most significant factors and, in a second moment, to use a full-factorial design 423 
for the most significant factors from the PBD to determine the influence of the factor 424 
interactions. 425 
 426 
The use of the experimental design software Chemoface30 in the analysis is optional and the 427 
results should not be dependent of it. All the calculations needed to determine the effects of the 428 
factors on the system response can be performed manually (extremely time-consuming), by a 429 
custom computer-aid script, or by other professional software such as Minitab or Design-Expert. 430 
However, Chemoface is a user-friendly and cost-free interface which is available for download 431 
without any restriction. 432 
 433 
The current work demonstrates feasibility of manufacturing thin-film transistors comprising 434 
Al2O3 dielectric layer grown by anodization of metallic aluminum. This process can be easily 435 
extended to flexible substrates, allowing mass production of flexible electronic circuits. The use 436 



   

of Plackett-Burman design of experiments combined to ANOVA is a quick and powerful method 437 
to screen the influence of manufacturing factors in the device response, permitting the TFT 438 
performance optimization. 439 
 440 
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Factors Unit “Low” value (-1) “High” value (+1)

A Thickness of Al-layer nm 60 200

B Al evaporation rate Å /s 5 15

C H2O content % 16 30

D Temperature of electrolyte C 40 60

E pH of the electrolytic solution - 6 5

F Current density mA/cm2 0.45 0.65

G Annealing C No thermal treatment Annealed at 150 oC

H Final voltage V 30 40

Table 1: Manufacturing parameters of the aluminum oxide TFT dielectric layer. 

Each factor has a corresponding “low” (-1) or “high” (+1) value.
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Run A B C D E F G

1 -1 -1 -1 -1 -1 -1 -1

2 1 -1 1 1 -1 1 1

3 -1 -1 -1 1 -1 1 1

4 1 -1 -1 -1 1 -1 1

5 1 1 -1 1 1 1 -1

6 -1 1 -1 1 1 -1 1

7 1 1 1 -1 -1 -1 1

8 -1 -1 1 -1 1 1 -1

9 1 -1 1 1 1 -1 -1

10 1 1 -1 -1 -1 1 -1

11 -1 1 1 -1 1 1 1

12 -1 1 1 1 -1 -1 -1

Table 2: Plackett-Burman (PB) design of experiment matrix.
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Name of Material/Equipment Company Catalog Number

Acetone LabSynth A1017

Aluminum (Al) Wire Evaporation Kurt J. Lesker Company EVMAL40060

Ammonium hydroxide solution Sigma Aldrich 338818

Chemoface - Software to set a design of 

experiment (DOE) 

Federal University of Lavras 

(UFLA), Brazil
Cleaning detergent Sigma Aldrich Alconox

Ethylene glycol Sigma Aldrich 102466

Isopropanol LabSynth A1078

Glass substrates Sigma Aldrich CLS294775X50

L-(+)-Tartaric acid Sigma Aldrich T109

Mechanical shadow mask for deposition of the 

sputtered ZnO active layer

Lasertools, Brazil custom mask

Mechanical shadow mask for TFT gate electrode Lasertools, Brazil custom mask

Mechanical shadow mask for TFT source/drain 

electrodes 

Lasertools, Brazil custom mask

Plasma cleaner MTI PDC-32G

Sputter coating system HHV Auto 500

Stiring plate Sun Valley MS300

Thermal evaporator HHV Auto 306

Two-channel source-measuring unit Keithley 2410

Two-channel source-measuring unit Keithley 2612B

Ultrasonic bath Soni-tech Soni-top 402A

Zinc Oxide (ZnO) Sputtering Targets Kurt J. Lesker Company EJTZNOX304A3

Table of Materials Click here to access/download;Table of Materials;JoVE-Table-of-Materials 16.12.19.xlsx
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Comments/Description

ACS reagent grade

1.5 mm (0.060") Dia.; 1lb; 99.99%

ACS reagent, 28.0-30.0% NH3 basis

Free software developed by Federal University of Lavras (UFLA), Brazil - http://www.ufla.br/chemoface/ 

Alkaline detergent for substrate cleaning

ReagentPlus, ≥99%

ACS reagent grade

Corning microscope slides, plain

≥99.5%

10 mm x 10 mm square.

25 mm long stripe, 3 mm wide.

100 µm stripes, separated by 100 µm gap, overlapping of 5 mm

Campact plasma cleaner with vacuum pump

RF sputtering system with thickness and deposition rate control

Stiring plate with heating control

it has a high precision sensor for measure the thickness and rate of deposition of thin films

Keithley model 2410 or similar/for anodization process

Dual channel source-measure unit (SMU) for TFT measurements

Ultrasonic bath with heating control

3.0" Dia. x 0.250" Thick; 99.9%
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Comments on the reviews: 

 

Editorial comments: 

 

1. Audio Track Quality: 

a. @11:26-11:51 Previous note: Dr. Jeff Kettle is out of sync- meaning his audio does not 

match his video (movement of his lips.) The video is early / the audio is late. This will need to 

be fixed.  

Video and audio were synchronized. 

b. @11:51 The second clip of Jeff Kettle is okay 

2. On-Screen Text: 

a. @04:14 Lower text has an extra space after "Remove the" 

Extra space deleted. 

b. @04:20 Lower text has an extra space after "abundantly the" 

Extra space deleted. 

c. @04:26 Lower text has an extra space after "Dry the" 

Extra space deleted. 

d. @04:44 Lower text has an extra space after "Dry the" 

Extra space deleted. 

e. @04:53 Lower text has an extra space after "Remove the" 

Extra space deleted. 

f. @05:02 Lower text has an extra space after "Dry the" 

Extra space deleted. 

g. @05:08 Lower text has an extra space after "Load the"  

Extra space deleted. 

h. 08:39 Please hold on this chapter title for at least another second. It disappears before we 

can fully read it 

Exposure time of the title was increased 1.25 s. 

3. One minor inconsistency-the first sonication (in the detergent, step 2.2.2) is for 10 minutes 

in the manuscript but 15 minutes in the video. 

We changed in the manuscript for 15 min. 
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