
HAL Id: hal-03380757
https://laas.hal.science/hal-03380757v1

Submitted on 15 Oct 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Effect of thermal annealing on the dielectric, passivation and
pH detection properties of aluminium oxide thin films
deposited by plasma-enhanced atomic layer deposition
Ahmet Lale, Matthieu Joly, Samir Mekkaoui, Xavier Joly, Emmanuel Scheid,

Jérôme Launay, Pierre Temple-Boyer

To cite this version:
Ahmet Lale, Matthieu Joly, Samir Mekkaoui, Xavier Joly, Emmanuel Scheid, et al.. Effect of thermal annealing
on the dielectric, passivation and pH detection properties of aluminium oxide thin films deposited by plasma-
enhanced atomic layer deposition. Thin Solid Films, 2021, 732, pp.138761. ⟨10.1016/j.tsf.2021.138761⟩. ⟨hal-
03380757⟩

https://laas.hal.science/hal-03380757v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


 1 

Effect of thermal annealing on the dielectric, passivation and pH detection properties 

of aluminium oxide thin films deposited by plasma-enhanced atomic layer deposition 

 

A. Lale1,2, M. Joly1,2, S. Mekkaoui1,2, X. Joly1,2, E. Scheid1,2, J. Launay1,2, Pierre Temple-Boyer1,2 

 

1 CNRS, LAAS, 7 avenue du colonel Roche, F-31400 Toulouse, France 

2 Université de Toulouse, UPS, LAAS, F-31400 Toulouse, France 

 

Abstract: 

The dielectric properties of aluminium oxide (Al2O3) thin films obtained by plasma-enhanced 

atomic layer deposition (PEALD) from Al(CH3)3/O2 precursors were investigated while focusing on 

the influences of thermal annealing under a dioxygen (O2) ambient. PEALD-Al2O3-based metal-

insulator-silicon structures/capacitors and pH-sensitive chemical field effect transistors were 

fabricated to deal respectively with microelectronic applications and measurement in liquid phase. 

Antagonist results were thus evidenced. On the one hand, dealing with high-k gate materials, 

optimized dielectric properties, i.e. low fixed charge density (4 × 1012 cm-2), high dielectric constant 

(r = 10.2), Fowler-Nordheim conduction and high breakdown electric fields (Ebd = 8.75 MV/cm) 

were obtained for polycrystalline PEALD Al2O3 films annealed at high temperature (T > 750°C). 

On the other hand, pH detection properties, i.e. quasi-Nernstian sensitivity (59 mV/pH), low drift (< 

1 mV/day) and long lifetime (> 180 days), were optimized for unannealed amorphous PEALD 

Al2O3 films. These phenomena were associated germination/crystallization phenomena in the 

deposited amorphous alumina structure as well as to related charge trapping and leakage currents in 

water-based solutions related to the final Al2O3 polycrystalline structure. 

 

Keywords: Plasma-enhanced atomic layer deposition, Aluminium oxide, Thermal annealing, 

Dielectric properties, pH measurement, Field-effect transistor-based devices  
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1. Introduction 

 

 In the frame of microtechnologies, aluminium oxide (Al2O3) thin films were integrated while 

using many different processes based on physical and/or chemical techniques: evaporation, 

sputtering, laser deposition and of course chemical vapour deposition [1-6]. Among them, atomic 

layer deposition (ALD) was thoroughly studied, emphasizing the use of trimethylaluminium 

Al(CH3)3 (TMA) and dioxygen (O2) based plasma as aluminium and oxygen sources respectively 

[7-12]. Nevertheless, if alumina thin films were studied in the frame of numerous applications, their 

insulative properties were usually highlighted, either as a "high-k" (high dielectric constant) gate 

material for metal-oxide-silicon (MOS) microdevices [13-14], either as passivation insulative layer 

for field-effect-based chemical nanosensors [15-20]. Indeed, as an insulator, Al2O3 is characterized 

by a large bandgap (~ 9 eV) and therefore high breakdown electric field, high dielectric permittivity 

(r ≈ 9) as well as high resistivity and therefore low leakage currents, good adhesion and interfacial 

properties with silicon-based layers and thus low interface trap densities, and finally excellent 

chemical and thermal stabilities below the crystallization temperature (750-800°C) [21]. 

Consequently, whatever the deposition process used, specific attentions were brought on the study 

of alumina thin films dielectric properties thanks to the realisation of Metal-Insulator-Silicon or 

Metal–insulator–Metal integrated capacitors [6,21-28]. However, in the frame of pH-sensitive 

electrochemical sensors, even if Al2O3-based gate sensitive layers were proposed [29-30] for pH-

ChemFET (pH-sensitive chemical field effect transistor) microdevices and further improved for 

associated nanodevices [15-20], main focuses were brought on other metal-oxide-based materials: 

Ta2O5, TiO2, RuO2, IrO2,… [31]. As a result, still dealing with alumina Al2O3 films, optimizations 

and compromises have to be found according to their deposition processes.  
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 In this context, this paper proposes to investigate the dielectric and passivation properties of 

alumina thin films obtained by plasma-enhanced atomic layer deposition (PEALD) from 

Al(CH3)3/O2 precursors, focusing on the influence of thermal annealing while taking into account 

the final application: microelectronics or pH potentiometric detection in water-based solutions. 

 

2. Experimental details 

 

 Growth experiments were carried out in a FIJI F200 plasma-enhanced atomic layer deposition 

(PEALD) equipment developed by CAMBRIDGE NANOTECH company. Al2O3 films were 

deposited using conventional experimental conditions (deposition temperature: 300°C, base 

pressure: ~ 9.3 Pa) from trimethylaluminium Al(CH3)3 (TMA) and dioxygen (O2). A standard 

cyclic routine was chosen to saturate the growth rate while preventing any undesirable gaseous 

mixing: TMA injection in gaseous phase (duration: 0.025 s), purge (argon: 180 sccm, duration: 6 s), 

plasma O2 exposure (O2: 20 sccm, plasma power: 300 W, duration:  20 s), purge (argon: 180 sccm, 

duration: 6 s) [8,12,32]. As a result, each PEALD deposition process were defined by its number of 

TMA/O2 PEALD cycles. Finally, during the different fabrication processes, alumina layers and 

associated device wafers (see hereafter) were annealed at atmospheric pressure under a dioxygen 

(O2) ambient (duration: 5 minutes) using an ANNEALSYS AS-Master-2000HT rapid thermal 

process (RTP) equipment. 

 Alumina films were studied by spectroscopic ellipsometry using an UVISEL equipment from 

HORIBA JOBIN YVON while working at a 450 nm wavelength (accuracy measurement: ± 2%). 

Thus, thicknesses of the different deposited and/or annealed films were estimated while considering 

SiO2/AlxSiyO/Al2O3 non-conventional structures [12]. Dielectric properties of PEALD Al2O3 films 

were finally studied while according to different capacitive structures. Firstly, a "400 cycle" 

alumina film (estimated thickness: 38 ± 1 nm) was deposited by PEALD on (100)-oriented, p-type 
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(10-12 .cm) silicon substrates and metal-insulator-silicon (MIS) structures were obtained thanks 

to the use of a mercury-based capacitive probe (MDC company, model 802C, mercury contact area: 

4.18 × 10-3 cm2) and an AGILENT 4294A analyser. The accuracy of the whole technique was 

estimated at ± 5%. 

 Secondly, PEALD-Al2O3-based MIS capacitors were fabricated on (100)-oriented, p-type (10-

12 .cm) silicon substrates using a conventional “Thick field oxide” process [33]. First, an 800 nm 

thick oxide was grown thermally in a wet (H2/O2 ratio: 1.8) ambient at high temperature (1070°C). 

Then, photolithography and BHF (buffered hydrofluoric acid) chemical etching was used to define 

capacitors with areas ranging from 1.6 × 10-6 to 7.84 × 10-2 cm2 in order to study both dielectric and 

conduction properties. After an appropriated cleaning, a "325 cycle" alumina film was deposited by 

PEALD (thickness: 30 ±1 nm) to form the gate insulative layer. Finally, electrical contacts were 

formed by evaporation of aluminum (thickness: 200 nm). On the front side of the silicon substrate, 

photolithography and chemical etching were performed according to a specific photolithographic 

pattern adapted to statistic probe testing. On its back side, metallization covered the whole substrate 

surface to ensure a good electrical contact with the probe test chuck. Ellipsometric test patterns 

(area: 5 × 5 10-2 mm2)) were realized during the MIS fabrication process in order to check the 

PEALD-Al2O3 film thickness (accuracy measurement: ± 2%). 

 Thirdly, front-side connected, pH-sensitive chemical field effect transistors were fabricated on 

(100)-oriented, n-type silicon substrates according to a well-known "P-well technology" process 

[34]. Thus, a 50 nm thermally grown SiO2 layer and a 50 nm PEALD Al2O3 layer (number of 

cycles: 550) deposited on top formed the pH-sensitive gate structure. This cycle number and 

associated thickness were chosen specifically in order to fit with standard 

SiO2 (50nm)/Si3N4 (50nm) pH-ChemFET microdevices also realized for comparison. 

 For all the different MIS structures studied, capacitance – voltage (C-V) experiments were 

performed on thin PEALD Al2O3 films at 1, 10, 100 and 1000 kHz (potential range: [-10 V, +10 V], 
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sinusoidal signal: 100 mV) using an AGILENT 4294A impedance analyser. Finally, current–

voltage (I-V) analyses were performed statistically using an AGILENT 4142B analyser coupled 

with a KARLSUSS Pa200 probe station. 

 pH-ChemFET microdevices were characterized by current – voltage (I-V) measurements in 

buffered solutions (pH = 4.0, 7.0 and 10.0) using an AGILENT 4142B analyser. In parallel, titration 

experiments using hydrochloric acid (HCl: 10-2 M) and tetra-methyl-ammonium hydroxide 

(TMAH: 10-1 M) were performed to study pH detection properties. In this context, a specific 

"source-drain follower" measurement interface was used. It was used to monitor continuously the 

gate-source voltage VGS of the pH-ChemFET microsensors while working in saturation mode 

thanks to constant drain-source voltage VDS and drain-source current IDS (typically VDS = 2 V and 

IDS = 0.1 mA). Furthermore, a commercial reference electrode (METROHM Ag/AgCl glass double 

junction) was used to bias the analysed solution to the mass (VG = 0). 

 

3. Results and discussion 

 

3.1. Dielectric properties of PEALD-Al2O3 thin films 

 In order to overview rapidly the influences of thermal annealing on the dielectric properties of 

PEALD alumina films, initial C-V experiments were performed on the standard "400 cycle" 

Si/Al2O3 structure (thickness: 38 ± 1 nm) while using the mercury-based capacitive probe (contact 

area: 4.18 × 10-3 cm2). So, the as-deposited structure exhibit degraded C-V curves compared to the 

"annealed" ones (figures 1a and 1b). Indeed, if no hysteresis was found in both cases, as-deposited 

films show a shoulder corresponding to interface states at the Al2O3/Si interface [21] (figure 1a). 

This phenomenon should be related to the presence of an AlxSiyO aluminosilicate underlayer in as-

deposited films [12]. Since annealing at temperature higher than 600°C was found to be responsible 

for the break out of this AlxSiyO aluminosilicate underlayer, it should also be associated to the 
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improvement of the interface between the alumina film and the silicon substrate. Consequently, no 

interface states and therefore optimal C-V curves were evidenced for the PEALD-Al2O3 films 

annealed at temperature higher than 750°C (as seen at 850°C, figure 1b). 

 Then, C-V data were studied using a fit program to determine the capacitive structure main 

characteristics. Data were then analysed thanks to planar capacitor equations while assuming that 

the dielectric constant of the SiO2-based underlayer is equal to 4 (table 1). As expected, the 

"400 cycle" PEALD film was characterized by a thickness of 37 nanometres, associated to a bilayer 

structure formed from aluminosilicate AlxSiyO (5 nm) and alumina Al2O3 (32 nm) [12]. Then, O2 

annealing was responsible for thermal diffusion and rearrangement of oxygen, aluminium and 

silicon atoms in order to form an equivalent SiO2 (4 nm)/Al2O3 (31 nm) structure with a total 

thickness of 35 nanometres. 

 Simultaneously, the annealing temperature increase was associated with a sigmoidal increase 

of the Al2O3 layer dielectric constant [12], as well as with a linear decrease of the fixed charge 

density (table 1). In order to explain these results, two phenomena have to be considered. At low 

temperature (T < 750°C), the annealing process is only responsible for atomic rearrangements into 

the Al-Si-O structure and, consequently, for the transformation of the initial Si/AlxSiyO/Al2O3 

structure to the final Si/SiO2/Al2O3 one [12]. Such phenomenon has no influence on the dielectric 

constant value but implies a decrease of the fixed charge density. 

 Then, as shown by X-ray diffraction (XRD) experiments in previous works [12], alumina 

crystallization occurs for temperature higher than 750°C. This phenomenon is responsible for the 

increase of the Al2O3 dielectric constant from 8.5 towards 10.2 (in agreement with standard values 

obtained for bulk monocrystalline alumina or sapphire [35]). In parallel, the fixed charge density 

continues to decrease towards minimal value around 4 × 1012 cm-2, as already shown in literature 

[21]. Finally, at 900°C and more, polycrystalline alumina is definitively obtained and no further 

improvement of dielectric properties was evidenced. 
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 As a matter of fact, if "high-k" gate materials for metal-oxide-silicon (MOS) microdevices are 

considered, the dielectric properties of PEALD Al2O3 films is clearly improved while using an 

optimized (typically 5 minutes under a dioxygen O2 atmospheric ambient at 900°C) crystallisation 

annealing. 

 

3.2. Dielectric characteristics of PEALD-Al2O3-based MIS capacitors 

 According to previous results (see below), two process conditions were tested for the 

microfabrication of PEALD-Al2O3-based Metal-Insulator-Silicon capacitors: "as-deposited" and 

"annealed at 900°C". C-V characterizations were performed on the largest MIS capacitors (area: 

7.84 × 10-2 cm2) to improve capacitance measurement accuracy. As previously, data were analysed 

using a fit program based on planar capacitor equations. C-V results obtained for Al/Al2O3/Si 

structures confirmed the previous one (figure 2a and 2b). "As-deposited" PEALD amorphous 

alumina films were characterized by low dielectric constant (r = 8.5) and higher fixed charge 

density (Nss = 6.6 × 1012 cm-2) whereas "annealed at 900°C" PEALD polycrystalline alumina films 

were characterized by high dielectric constant (r = 10.1) and lower fixed charge density 

(Nss = 3.6 × 1012 cm-2) (table 2). This confirms that a crystallization annealing at 900°C (or more) is 

required in order to improve the dielectric characteristics of Al2O3-based MIS capacitors. 

 

3.3. Conduction properties of PEALD-Al2O3-based MIS capacitors 

 In order to decrease the impact of extrinsic defects on the dielectric breakdown, I-V analysis 

were performed on the smallest MIS capacitors (area: 1.6 × 10-6 cm2) while considering the "as-

deposited" and "annealed at 900°C" process conditions (figure 3). In both case, low current 

densities (200 nA/cm2) were evidenced at low voltage (< 10 V). This current is associated to 

leakage as well as capacitive charging. Then, the current increase in the MIS structure occurs at 

approximately 11.5 V. Associated conduction phenomena were studied while considering two 
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different mechanisms: Fowler-Nordheim and Poole-Frenkel [21,23,25,36]. Whatever the process 

conditions used, the study of the I-V curves showed that the dominant mechanism is related to the 

Fowler-Nordheim conduction (figure 4), in agreement with previous results obtained for PEALD 

alumina films [21]: 

  (1) 

where JFN and E are the current density and the electric field into the insulative layer respectively, 

K1 and K2 being constant parameters, depending only on the studied dielectric material. 

 This implies that the conduction into amorphous and polycrystalline Al2O3 layer deposited by 

PEALD is related to the tunnel emission of trapped electrons towards the conduction band. 

Consequently, there is no electronic diffusion associated to defects in the bulk alumina. 

 Finally, breakdown occurs for applied voltage higher than 25 V, and breakdown properties of 

the Al/Al2O3/Si MIS capacitors were studied finally for twenty different devices. Thus, as-deposited 

PEALD amorphous alumina films were characterized by lower breakdown electric field 

(Ebd = 8.4 ± 0.1 MV/cm) than "annealed" PEALD polycrystalline alumina ones 

(Ebd = 8.75 ± 0.1 MV/cm). Both results are excellent in the frame of "high-k" gate material for 

metal-oxide-silicon (MOS) microdevices but, as previously, the crystallization annealing at high 

temperature (900°C) is found to improve the conduction and breakdown properties of PEALD 

Al2O3 films.  

 

3.4. pH detection properties of PEALD-Al2O3-based chemical field effect transistors 

 

 Whatever the characterization techniques chosen, i.e. I-V analysis using standard pH buffers 

(4.0, 7.0 and 10.0) or HCl/TMAH titration experiments, similar pH detection properties were 

obtained for the different PEALD-Al2O3-based ChemFET sensors, e.g. annealed or unannealed 
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(table 3). Nevertheless, results obtained with the second characterization techniques will only be 

presented because of their completeness on the [2 – 12] pH range. 

 Furthermore, in the frame of the pH-ChemFET process, the alumina film was deposited on a 

silicon dioxide layer rather on the silicon substrate. As a result, it was previously shown that the 

SiO2/Al2O3 structure was characterized by steep interfaces and was therefore free from any major 

aluminosilicate AlxSiyO interfacial layer [12]. Consequently, bulk phenomena will only be 

considered in the following. 

 Concerning the unannealed SiO2/Al2O3 pH-ChemFET (figure 5a) and as expected [37], 

excellent pH detection properties were evidenced (table 3), i.e. quasi-Nernstian response with no 

hysteresis phenomenon on the [2-12] pH range, low drift (< 1 mV/day) and long lifetime (> six 

months). In fact, compared to the standard SiO2/Si3N4 pH-ChemFET, improvements related to 

alumina Al2O3 were associated to a higher sensitivity (59 mV/pH versus 55 mV/pH) as well as to 

lower sensitivities to potassium K+ and sodium Na+ ions in solution (1 mV/decade versus 

15 mV/decade in the [1-3] pK or pNa range [38]). Such conclusions were of course expected, but 

the study of thermal annealing influences led finally to antagonist results (figures 5b to 5d). In fact, 

except for the drain-source leakage current under threshold which was slightly improved as part of 

device nominal operation, the annealing temperature increase was responsible for the global 

worsening, and finally the annihilation, of the pH detection properties PEALD-Al2O3-based pH-

ChemFET (table 3). According to previous results [12], here is a way of clarifying such antagonist 

results according to an "Electrical Characterization" approach. 

 First of all, the 600°C anneal was responsible for a threshold voltage decrease (around 0.3-

0.4 V) as well as for a positive hysteretic potential shift (around 0.2 V). Such variations should be 

related to a redistribution of electrical defects in the SiO2/Al2O3 structure, leading to positive charge 

trapping into the pH-ChemFET dielectric layer. Since crystallisation cannot occur at temperature 

lower than 700°C [12], this phenomenon should be related to the preceding germination phase and 



 10 

first related atomic rearrangements into the Al2O3 amorphous matrix. At 750°C, when alumina 

crystallization occurs effectively, the threshold voltage kept on decreasing (around 0.4-0.5 V more) 

while hysteresis remained unchanged. This tends to prove that charge trapping takes place at 

interfaces between the amorphous-Al2O3 phase and the polycrystalline-Al2O3 one. As a result, for 

the 800°C anneal, when alumina film crystallisation was completed and, consequently, the 

amorphous phase disappeared, pH detection properties similar to the initial unannealed one were 

finally obtained, evidencing quasi-Nernstian response with no hysteresis phenomenon on the [2-12] 

pH range (figure 5d). 

 Actually, the thermal annealing worsening was highlighted while considering temporal drifts 

and lifetimes obtained for the different PEALD-Al2O3-based pH-ChemFET devices. Indeed, the 

temperature increase was responsible for the temporal drift increase as well as to the lifetime 

collapse (table 3). For low temperature (600°C), since rearrangements into the Al2O3 matrix are 

minor, pH sensitivity remains quasi-Nernstian for long durations (at least 30 days) and low 

temporal drifts are still evidenced. Nevertheless, for higher temperatures (T > 700°C), if classical 

pH responses can be first obtained on a [2-12] pH range (figures 5c and especially 5d), PEALD-

Al2O3-based pH-ChemFET showed rapidly high measurement instabilities (and therefore non-

Nernstian sensitivities or even non-linear analytical responses) to pH. As a result, devices were no 

longer operational in water-based solutions after few days of use only. 

 Even if TMAH was found to be ineffective to etch the deposited PEALD-Al2O3 films and in 

order to tackle off its use during titration experiments, similar studies were conducted in different 

buffers (pH = 4.0, 7.0 and 10.0) with similar results. Doing so, it was shown that worsening 

phenomena were in fact related to the pH = 10 buffer and therefore to the use of alkaline solutions. 

Thus, specific drift experiments were performed on the 800°C-annealed SiO2/Al2O3 pH-ChemFET 

(figure 6). For a neutral solution (pH ≈ 7.2), an initial output voltage around 50 mV was found on a 

10-hour period, in agreement with previous temporal drift result if such a low duration is 
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considered. On the contrary, important potential instabilities related to strong leakage currents were 

evidenced for an alkaline solution (pH ≈ 11.4). After such treatment, it appears that the studied 

PEALD-Al2O3-based pH-ChemFET is still operational for a while, being definitively deteriorated 

after repeated experiments. Actually, this effect should be related to a physico-chemical degradation 

of the SiO2/Al2O3 insulative layer during the crystallization anneal at high temperature (T ≥ 700°C). 

Since a polycrystalline-Al2O3 matrix was finally obtained, it is assumed that hydroxide OH- ion 

diffusion or/and electromigration take place in the newly-created grain boundaries passing through 

the alumina dielectric film, being finally responsible for leakage currents and lethal water-based 

dielectric breakdown when immersed in solutions. 

 So, if detection and insulation/passivation materials for potentiometric pH-ChemFET-based 

microsensors are considered, the best dielectric properties were finally obtained for the as-

deposited, unannealed, amorphous PEALD-Al2O3-based films. 

 

4. Conclusion 

 

 In summary, Al2O3 films were deposited on silicon substrates by plasma-enhanced atomic 

layer deposition (PEALD) using TMA/O2 precursors, and their dielectric/passivation properties 

were analysed while focusing on the influences of thermal annealing under a dioxygen O2 ambient. 

In this context, antagonist results were evidenced. 

 On the one hand, dealing with high-k gate materials for metal-oxide-silicon (MOS) 

microdevices, the dielectric properties of PEALD-Al2O3-based films are optimized for 

polycrystalline alumina films and, therefore, are improved by a crystallization annealing performed 

at high temperature (T > 700°C). So, the best properties were obtained for a 900°C anneal, 

evidencing low fixed charge density (4 × 1012 cm-2), high dielectric constant (r ≈ 10.2), Fowler-

Nordheim tunnelling conduction and high breakdown electric fields (Ebd ≈ 8.75 MV/cm). 
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 On the other hand, focusing on detection/passivation insulative materials for potentiometric 

microsensors in water-based solutions, alumina crystallization was found to be responsible for 

prohibitive drawbacks. Indeed, even if quasi-Nernstian pH responses were first evidenced in a [2-

12] pH range, high temperature anneals (T > 700 °C) were associated to leakage currents, high 

temporal drifts and low lifetimes in watery phase (especially in alkaline solutions, pH > 7), being 

finally responsible for the annihilation of the pH-sensitive/insulative properties of the PEALD 

Al2O3 films. So, in this case, such properties are optimized for as-deposited, unannealed, amorphous 

alumina films. 

 These investigations allow to have a better understanding of the influence of thermal 

annealing on the properties of PEALD-Al2O3-based films. They will be helpful for further 

micro/nano-technological applications, and especially for the integration and the passivation of 

silicon-nanowire-based, pH-sensitive, chemical field effect transistors for the liquid phase analysis 

at the nanoscale.  
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Tables and figures captions 

 

Table 1: C-V analysis of a 400-cycle TMA/O2 PEALD Al2O3 films 

annealed 5 minutes under an O2 gaseous atmosphere at different temperatures 

 

Table 2: C-V analysis of Al/Al2O3/Si MIS capacitors (number of PEALD cycles: 325) 

for two process conditions: "as-deposited" and "annealed at 900°C" 

 

Table 3: pH detection properties of SiO2/Al2O3 ChemFET sensors 

annealed 5 minutes under an O2 ambient at different temperatures 

 

Figure 1: C-V curves of PEALD-Al2O3/Si structure (PEALD cycle number: 400) 

a) as-deposited, b) annealed 5 minutes under an O2 ambient at 850°C 

 

Figure 2: C-V curves of PEALD-Al2O3 MIS capacitors (PEALD cycle number: 325) 

a) as-deposited, b) annealed 5 minutes under an O2 ambient at 900°C 

 

Figure 3: I-V curves of PEALD-Al2O3 MIS capacitors (PEALD cycle number: 325) 

a) as-deposited, b) annealed 5 minutes under an O2 ambient at 900°C 

 

Figure 4: Fowler-Nordheim characteristics of PEALD-Al2O3 MIS capacitors (cycle number: 325) 

a) as-deposited, b) annealed 5 minutes under an O2 ambient at 900°C 
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Figure 5: pH detection properties of SiO2/Al2O3 ChemFET 

a) unnealed (as-deposited), b) annealed 5 minutes under O2 at 600°C, 

c) annealed 5 minutes under O2 at 750°C, d) annealed 5 minutes under O2 at 800°C 

 

Figure 6: temporal drift of the 800°C-annealed SiO2/Al2O3 pH-ChemFET 

in neutral (pH ≈ 7.2) and alkaline (pH ≈ 11.4) solutions 
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annealing temperature 

(O2 ambient, 5 

minutes) 

no anneal 

(as-deposited) 

650°C 750°C 850°C 900°C 950°C 1000°C 

Al2O3 thickness (nm) 37.5 nm 37 nm 34.5 33 32 31 31 

SiO2 thickness (nm) - - 2 2.5 3 4 4.5 

total thickness (nm) 37.5 37 36.5 35.5 35 35 35.5 

flat-band voltage (V) 7.5 4.5 4.5 3.4 2.5 2.2 2.7 

capacitance in 

accumulation (pF) 

850 840 840 950 950 920 

 

890 

Al2O3 

dielectric constant 

8.6 8.4 8.8 10.1 10.2 10.2 10.2 

fixed charge density 

(× 1012 cm-2) 

10.0 6.1 6.1 5.2 4.1 3.6 4.1 

 

Table 1: C-V analysis of a 400-cycle TMA/O2 PEALD Al2O3 films 

annealed 5 minutes under an O2 ambient at different temperatures 
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Process conditions no anneal 

(as-deposited) 

annealed 5 minutes 

at 900°C, O2 ambient 

Al2O3 thickness (nm) 30 27.5 

SiO2 thickness (nm) - 3 

total thickness (nm) 30 30.5 

flat-band voltage (V) 4.6 2.6 

capacitance in 

accumulation (nF) 

19.6 20.0 

Al2O3 

dielectric constant 

8.5 10.1 

fixed charge density 

(× 1012 cm-2) 

6.6 3.5 

 

Table 2: C-V analysis of Al/Al2O3/Si MIS capacitors (number of PEALD cycles: 325) 

for two process conditions: "as-deposited" and "annealed at 900°C" 
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annealing temperature 

(O2 ambient, 5 minutes) 

no anneal 

 

600°C 

anneal 

750°C 

anneal 

800°C 

anneal 

Gate-source voltage at pH = 7 (V) 1.80 ± 0.05 1.45 ± 0.05 1.00 ± 0.05 1.70 ± 0.05 

drain-source leakage current (A) ~ 8.5 ~ 4 ~ 4.5 ~ 1 

hysteresis potential shift (V) - 0.02 ± 0.05 0.20 ± 0.05 0.15 ± 0.05 - 0.05 ± 0.05 

pH sensitivity (mV/pH) ~ 59 ~ 58 ~ 57 ~ 57 

lifetime (day) > 180 > 30 6 5 

temporal drift at pH = 7 (mV/day) < 1 ~ 10 ~ 30 ~ 40 

 

Table 3: pH detection properties of SiO2/Al2O3 ChemFET sensors 

annealed 5 minutes under an O2 ambient at different temperatures 
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 a)  b)  

Figure 1: C-V curves of PEALD-Al2O3/Si structure (PEALD cycle number: 400) 

performed using a mercury probe with a 4.18 × 10-3 cm2 contact area 

a) as-deposited, b) annealed 5 minutes under an O2 ambient at 850°C 
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 a)  b)  

Figure 2: C-V curves of PEALD-Al2O3 MIS capacitors (PEALD cycle number: 325) 

performed using a MIS capacitor with a 7.84 × 10-2 cm2 area 

a) as-deposited, b) annealed 5 minutes under an O2 ambient at 900°C 
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 a)  b)  

Figure 3: I-V curves of PEALD-Al2O3 MIS capacitors (PEALD cycle number: 325) 

a) as-deposited, b) annealed 5 minutes under an O2 ambient at 900°C 
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 a)  b)  

Figure 4: Fowler-Nordheim characteristics of PEALD-Al2O3 MIS capacitors (cycle number: 325) 

a) as-deposited, b) annealed 5 minutes under an O2 ambient at 900°C 
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 a)  b)  

c)  d)  

Figure 5: pH detection properties of SiO2/Al2O3 ChemFET 

a) unnealed (as-deposited), b) annealed 5 minutes under O2 at 600°C, 

c) annealed 5 minutes under O2 at 750°C, d) annealed 5 minutes under O2 at 800°C 
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Figure 6: temporal drift of the 800°C-annealed SiO2/Al2O3 pH-ChemFET 

in neutral (pH ≈ 7.2) and alkaline (pH ≈ 11.4) solutions 
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