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Abstract: Electrolyte-insulator-semiconductor (EIS) sensors, used in applications such as pH sensing
and sodium ion sensing, are the most basic type of ion-sensitive field-effect transistor (ISFET)
membranes. Currently, some of the most popular techniques for synthesizing such sensors are
chemical vapor deposition, reactive sputtering and sol-gel deposition. However, there are certain
limitations on such techniques, such as reliability concerns and isolation problems. In this research,
a novel design of an EIS membrane consisting of an optical material of indium gallium oxide (IGO)
was demonstrated. Compared with conventional treatment such as annealing, Ti doping and CF,
plasma treatment were incorporated in the fabrication of the film. Because of the effective treatment of
doping and plasma treatment, the defects were mitigated and the membrane capacitance was boosted.
Therefore, the pH sensitivity can be increased up to 60.8 mV/pH. In addition, the hysteresis voltage
can be improved down to 2.1 mV, and the drift voltage can be suppressed to as low as 0.23 mV/h.
IGO-based membranes are promising for future high-sensitivity and -stability devices integrated
with optical applications.

Keywords: IGO; Ti doping; membranes; CF4 plasma treatment; pH sensing biosensors

1. Introduction

The first ion-sensitive field effect transistor (ISFET) was invented by Bergveld in 1970s [1]. Recently,
ion detection in the human body is significant in medical examination processes [2]. Due to the stable
performance, rapid response, compact size and low cost, semiconductor-based ion sensing membranes
such as ISFETs and extended-gate field effect transistors (EGFETs) have been intensively studied [3,4].
Excellent pH-sensing membranes are crucial to develop multiple ion detection devices. In addition,
hydrogen ion concentration is vital to determine a patient’s health condition [5,6]. To fabricate
pH-sensing membranes, various materials such as Ta;Os and Gd;O3; have been proposed [7,8].
In 2019, an indium gallium oxide (IGO) membrane treated with annealing demonstrated that IGO,
which has been reported for optoelectronic applications, can also be integrated with silicon-based
integrated circuits (ICs) or sensors [9]. Nevertheless, to further boost IGO membrane performance, it is
worthwhile to investigate new processes and alternative treatment to improve membrane material
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quality and hence enhance sensing behaviors. Since membrane capacitance is crucial to the sensing
performance, increasing the membrane capacitance values by enhancing the effective electric field
passing through the membrane material is our goal. Therefore, the monitoring of material properties
and build connections between material characterizations and sensing device performance is our
method. On the other hand, based on a possible electrolyte membrane interface model, incorporating
positive charges can expel the ions in the electrolyte, and hence lower the diffusion capacitance in the
solution. Therefore, the sensitivity can be enhanced to improve the sensing performance. Furthermore,
we fix the defects in the membrane bulk by Ti doping and CF; plasma treatment. Additionally,
incorporating possible charges near the surface may decrease the Cp; and enhance the sensitivity, as
the sensing equation (Equation (1)) reveals. 3 is a factor pointing to the membrane sensitivity. N is the
number of surface sites per unit surface area and Cpy is the double layer capacitance according to the
Gouy—Chapman-Stern model [10].

- 24°Ns VKK,

KTCpy,

In this study, an IGO membrane was fabricated in an electrolyte-insulator-semiconductor (EIS)
structure with CF4 plasma treatment [11,12]. Multiple material analyses were conducted to examine the
material improvements and sensing characteristics. Results indicate that incorporating fluorine atoms
through CF,4 plasma and Ti doping enhanced crystallization [13,14]. The effect of carbon tetrafluoride,
also called the CF, plasma, is the simplest fluorocarbon. CF4 has an extremely high bond strength
due to the connecting of the carbon-fluorine bond. The bonding energy is 515 kJ-mol~!, so it does not
easily react with acid or hydroxide [15]. In addition to the high bonding strength, the fluorine also has
the highest electronegativity [16]. Therefore, the pH sensitivity of IGO membranes was increased to as
high as 60.8 mV/pH. Ti-doped IGO membranes with CF4 plasma treatment are promising for future
biosensing portable devices [17,18].

)

2. Materials and Methods

To apply IGO as a sensing membrane on EIS structures, IGO films
(Well-being Enterprise Co. Ltd., Taipei, Taiwan) were deposited in a 4-inch n-type (100) silicon
wafer (Well-being Enterprise Co. Ltd., Taipei, Taiwan) with a resistivity of 5-10 ()-cm. The silicon
wafer was cleansed using diluted HF (HF:H,O = 1:100) to remove the native oxide. Furthermore,
50 nm-thick SiO, was grown on wafers by thermal wet oxidation. After that, 50 nm-thick IGO was
deposited on the silicon wafer by radio frequency (RF) reactive sputtering with a mixture of Ar
and O, (Ar:O, = 25:0) ambient during sputtering. The second situation involves a 50 nm Ti-doped
IGO sensing membrane which was deposited by co-sputtering on an n-type silicon wafer. In the
process of reactive sputtering, IGO and Ti targets were used in the ambient of Ar:O, at 23:2. The RF
power was 80 W, and the pressure was 10mTorr. After deposition, post-CF, plasma treatment was
performed on the IGO and Ti-doped IGO in a plasma-enhanced chemical vapor deposition (PECVD)
system with RF power of 30 W; a processing pressure of 500 m; and Torr at 300 °C for 15, 30 and 60 s,
respectively. The thickness of the 300 nm Al film was then deposited on the backside of the silicon
wafer. Next, an epoxy bond was used to define the sensing area. Then, the sensing area was defined
by an epoxy bond [19]. Eventually, the samples were fabricated on the copper lines of the printed
circuit board (PCB) in the silver gel. The PCB size was 8.5 X 1.5 cm?. The EIS structure and the copper
line were separated by the epoxy package. An illustration of an IGO membrane deposited in an EIS
structure is shown in Figure 1.
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Figure 1. Device structure of indium gallium oxide electrolyte-insulator-semiconductor

(IGO EIS)-based sensors.

3. Results and Discussion

To study the compositional changes and the crystalline structure of IGO and Ti-doped 1IGO
films, due to CF, plasma treatment, the crystalline structure of the as-deposited membrane and the
membrane with post-CF, plasma treatment were monitored by using X-ray diffraction (XRD), as shown
in Figure 2a,b. The XRD equipment was Bruker D8 Discover with Oxford Cryo Drive 3.0.
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Figure 2. XRD patterns of (a) the IGO films and (b) Ti-doped IGO films. (a. u. stands for arbitrary unit).

All the IGO samples had two diffraction peaks (211) and (222) at 21.55° and 30.85°, while Ti-doped
IGO samples had only one (222) phase, indicating that Ti doping enhanced the single crystalline
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phase [1]. Moreover, CF, plasma treatment enhanced (211) and (222) peaks for the IGO samples and
Ti-doped IGO samples. By appropriating CF4 plasma treatment, the crystalline structures of un-doped
IGO and Ti-doped IGO were enhanced. In addition, CF, plasma treatment for 60 s had the strongest
crystalline phases for both IGO and Ti-doped IGO samples.

To examine the chemical binding, the F 1s X-ray photoelectron spectroscopy (XPS) spectra of IGO
and Ti-doped IGO film for the as-deposited sample and the samples treated by CF, plasma at different
conditions in 15, 30 and 60 s are shown in Figure 3a,b. The XPS equipment was Thermo scientific VG
Microlab 350 Odessa, TX, USA.
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Figure 3. The F 1s XPS spectra of (a) IGO and (b) Ti-doped IGO films with CF, plasma. (a. u. stands
for arbitrary unit).

The IGO film with fluorine incorporation as a gate dielectric demonstrated superior performance
improvement and electrical reliability because the oxygen vacancies could be compensated, and
defects could be passivated by fluorine atoms. Consequently, due to the longer CF4 plasma treatment,
the sample with CF, plasma 60 s had stronger binding energies both for Ti-doped and un-doped
samples than all the other conditions [15].

Furthermore, secondary ion mass spectrometry (SIMS) was used to evaluate the diffusion of
fluorine atoms caused by 60 s CF, plasma treatment, as shown in Figure 4a,b. The SIMS equipment is
ION-TOF-SIMS-V, Miinster, Germany.
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Figure 4. Secondary ion mass spectrometry (SIMS) profiles of (a) the IGO sensing membrane and (b) the
Ti-doped IGO sensing membrane with CF, treatment for various time. (a. u. stands for arbitrary unit).

Notably, for the un-doped films, fluorine concentration became around 700 times near the surface,
and the penetration depth was around 20 nm for the plasma treatment samples with various treatment
times, as shown in Figure 4a. As for the Ti-doped sample shown in Figure 4b, the fluorine plasma
treatment with 60 s can further push the penetration depth up to 25 nm. CF, plasma with a longer
treatment time of 60 s and Ti doping can activate the fluorine atoms to move further downward.
The accumulation of fluorine atoms in the bulk and near the interface was demonstrated, and fluorine
atoms diffused deeper for the Ti-doped sample than for the un-doped sample for some unknown
reason. Moreover, the F distribution spike for the Ti-doped sample was higher than the un-doped
sample. Therefore, the Ti-doped sample had better material properties and sensing performance due
to better distribution of the fluorine atoms.

To characterize the surface grainization of the membranes caused by Ti doping, atomic force
microscope (AFM) images were taken to measure the surface roughness of the as-deposited IGO
membrane, the IGO membrane treated with 60 s CF4 plasma, the as-deposited Ti-doped IGO membrane
and the Ti-doped IGO membrane treated with 60 s CF4 plasma, as shown in Figure 5a—d.
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Figure 5. AFM images of the IGO and Ti-doped IGO surface after CF4 plasma treatment for various
membranes: (a) IGO as-deposited (as-dep) film, (b) IGO with CF4 60 s (c) Ti-doped IGO as-dep,
(d) Ti-doped IGO with CF, 60 s (e). The roughness versus treatment different conditions for the IGO
and Ti-doped IGO membrane. The AFM equipment was Bruker Dimension Icon.

To study the trend of changes in surface roughness, the surface roughness values for the samples
in various treatment were graphed as shown in Figure 5e. Notably, for both the un-doped and Ti-doped
samples, the roughness increased with the increase in CF, treatment time. Moreover, for the same CFy
plasma treatment time, the Ti-doped sample had higher roughness values than the un-doped samples.
The results indicate that CF4 plasma treatment and Ti doping enhanced grainization and increased the
surface roughness, which was in line with XRD analysis.
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To study the pH sensing performance of all the samples, capacitance-voltage (C-V) curves
were measured to evaluate the substrate voltage changes versus the variation in pH values with the
capacitance value set to 0.4 Cpnax. C-V curves for the as-deposited IGO sample, the IGO sample with
60 s CF4 plasma treatment, the as-deposited Ti-doped IGO sample, and the Ti-doped IGO sample with
60 s CF4 plasma treatment are shown in Figure 6a—-d. Results indicate that Ti doping and CF4 plasma
treatment for 60 s greatly enhanced pH sensing sensitivity and linearity consistent with all the material
analyses [11,16]. Moreover, the sensitivity and linearity of all the IGO and Ti-doped samples were
plotted as shown in Figure 6e,f. Ti doping and CF, plasma treatment can incorporate Ti atoms and F
atoms into the membrane, resulting in the removal of dangling bonds and traps in the bulk and near
the surface. Therefore, the film quality became improved and more uniform. Therefore, compared with
the as-deposited film, the distortion of C—V curves can be mitigated, which subsequently optimizes
linearity. Similarly, the results indicate that CF4 plasma treatment and Ti doping improved material
quality and sensing behaviors.
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Figure 6. Normalized capacitance—voltage (C-V) curves of the samples without and with CF4 plasma
treatment at various conditions (the inset figure represents the sensitivity and linearity). (a) IGO as-dep,
(b) IGO with CF, 60 s, (¢) Ti-doped IGO as-dep, and (d) Ti-doped IGO with CFy4 60 s. Sensitivity and
linearity for (e) the IGO membrane and (f) Ti-doped IGO membrane with CF4 plasma treatment for

various lengths of time.
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When compared with the previous works related to CF4 plasma treatment and IGO
membranes shown in Table 1, Ti-doped IGO with plasma treatment had the highest sensitivity
and linearity, indicating that Ti doping plus plasma treatment on IGO membranes can optimize the

sensing performance.
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Table 1. Comparison of CF, plasma treated Ti-doped IGO with previous literature.

Sensitivity (mV/pH) Linearity (%) Reference
Ti-doped IGO (CFy4 plasma) 60.8 99.87 This work
Ti-doped IGO (annealing at 600 °C) 59.6 98.2 [1]
IGO (CF, plasma) 58.7 99.69 This work
In, TiO5 (As-deposited) 36.34 94.23 [13]
In, TiO5 (CF4 plasma) 59.64 99.68 [13]
Nb,Os5 (As-deposited) 32.76 93.51 [5]
Nb,Os5 (CF4 plasma) 52.12 98.22 [5]

To investigate the reliability problems of the IGO and Ti-doped IGO membrane, hysteresis voltages
and drift voltages of the IGO and Ti-doped IGO samples were measured, as shown in Figure 7a-d.
Corresponding with all the previous sensing measurements and material analyses, Ti doping and CF,
plasma treatment made the membrane more stable and reliable. To investigate the hysteresis effects,
all the tested samples were immersed in buffer solutions with various pH values in a sequential cycle
(pH=7,4,7,10, and 7). For each solution, the immersing time was 5 minutes. Because Ti doping
and CF, plasma treatment reduced dangling bonds and traps since Ti atoms and F atoms bound with
dangling bonds and fill in traps, the sensing behavior was boosted. Therefore, the Ti-doped IGO
sample with CF4 plasma treatment had the lowest hysteresis voltage.
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Figure 7. Hysteresis voltages of various IGO and Ti-doped IGO sensing membranes with CF,; plasma
treatment in various conditions during the pH loop of 7—4—7—10—7 over a period of 25 minutes.
(a) IGO and (b) Ti-doped IGO with CF4 plasma. The drift voltage of IGO and Ti-doped IGO sensing
membranes treated with CF4 plasma treatment in various conditions, while being dipped in pH 7
buffer solution for 12 h. (c) IGO and (d) Ti-doped IGO with CF, plasma.
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Moreover, the drift effect of all the IGO and Ti-doped IGO membranes was measured by putting
the samples in a pH 7 buffer solution for 12 h, as shown in Figure 7c,d. Similarly, the Ti-doped samples
had smaller drift rates, and CF,; plasma treatment suppressed the drift voltage; thus, the Ti-doped
membrane with 60 s CF4 plasma treatment had the lowest drift rate because Ti doping and F atoms
incorporated from the CF4 plasma reduced the defects. Therefore, the drift voltage caused by the ion
binding with the dangling bonds was drastically mitigated. The samples with CF4 plasma treatment
and Ti doping had better reliability than those without doping and treatment.

4. Conclusions

In this study, Ti-doped IGO membranes were fabricated in the EIS structure. To characterize the
effects of Ti doping and CF, plasma treatment, multiple material analyses were performed. Results
indicate that Ti doping and CF, plasma treatment enhanced crystallization, grainization and chemical
bindings. The pH-sensing behavior evaluation also reveals that Ti doping and CFy plasma treatment
for 60 s can drastically boost the membrane sensitivity higher than 60 mV/pH due to the removal of
dangling bonds and traps. In addition, the hysteresis voltage and the drift voltage both dropped to
2.1 mV and 0.32 mV/h, respectively, indicating that the devices are more reliable and stable with the
multi-treatment. The improvements came from the enhancement of crystallization, as revealed by
XRD and AFM, and the fluorine atom penetration as shown by the SIMS data. Therefore, the electric
field can more effectively pass through the membrane, and the capacitance and sensitivity increase.
Ti-doped IGO membranes with CF; plasma treatment are promising for future biomedical applications.
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