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ABSTRACT

In the thesis, the influence of aluminum oxide passivation (AOP) layer on the
electrical characteristics of metal-insulator-semiconductor tunnel diodes (MISTD) is
investigated. The structure of this device contains an AOP layer surrounding MISTD. It
is observed that AOP-MIS device is sensitive to the minority carrier change, and
therefore we propose to use it as a light sensor. In Chapter 2, the capacitance versus gate
voltage and current versus gate voltage are measured. It was found that the deep
depletion behavior happening in MISTD device would be suppressed. Furthermore,
larger current in inversion region is also observed in AOP-MIS device. We consider the
reason of this behavior is originated from the enhancement of fringing field caused by
AOP layer. Therefore, the voltage drop on the oxide layer becomes larger and leads to
increase of tunneling current. In Chapter 3, light sensing performance of this device is
studied and discussed. It is found that due to the larger fringing field, the sensitivity of
the variation of extra carriers is increased. The differences of both capacitance and
current show more obvious change than MISTD under light and dark condition.
Consequently, it is considered that we can further increase the light sensitivity of MISTD

with the help of AOP layer, and make it a better choice of light sensing.

Keyword: MIS tunneling diodes, high-k material, anodization method, light sensor
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Figure Captions
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Caption
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Figure 1-1

Schematic diagram of the anodization process. Silicon wafer is
connected to anode and tilted in a certain angle while the

platinum plate is connected to cathode.

10

Figure 1-2

(a)The accurate circuit model and (b)the equivalent parallel
model of the MIS TD.

10

Figure 1-3

Je-V curves of p-type substrate MOS devices with different
oxide thickness (dox). It is observed that the current behavior
in accumulation and inversion region had opposite tendency
with dox [16].

11

Figure 1-4

Schematic diagram of MISTD with (a)thinner oxide and
(b)thicker oxide to explain the saturation current behavior by
the SBH modulation.
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Figure 1-5

Schematic diagram of MISTD under (a)dark condition and
(b)light condition to explain the current enhancement due to

reduction in effective Schottky barrier height.

12

Figure 1-6

The current-voltage behavior of MISTD (a) with and (b)
without additional outer gate. It is shown that photo response
could be effectively enhanced by properly biasing Vg on the
outer gate [20].

13

Figure 1-7

Responsivity versus gate voltage of ISOG and IGOS devices.
It is observed that the responsivity of IGOS device is greatly
better than the ISOG and single sensor device. [21]
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Figure 2-1

The experimental process flow.

24

Figure 2-2

(a) Schematic diagram of the MIS device(left) and AOP-MIS

device(right) and (b) cross sections of them.

25

Figure 2-3

The comparison of the Cg-Vg curves of (a) MIS device and
(b) AOP-MIS device with 2.7nm oxide layer.

26

Figure 2-4

The comparison of the Ig-Vg curves of MIS device (black line)
and AOP-MIS device (red line).

27

Figure 2-5

The comparison of the Cg-Vg curves under frequency of
1kHz of (a) MIS devices and (b) AOP-MIS devices under

different oxide thickness.

28

Figure 2-6

The comparison of the I-V¢ curves of (a) MIS devices and
(b) AOP-MIS devices under different oxide thickness.

29
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The comparison of the (a) Cg, @+1v versus Cg, @-2v under
Figure 2-7 | frequency of 1kHz and (b) Ig, @+1v versus I, @-2v between 30
MIS devices and AOP-MIS devices.

The schematic diagram of structure of (a) MIS and (b) AOP-
MIS device used in TCAD simulation. The thickness of SiO»

Figure 2-8 31
layer (dox) and ALLOj3 layer (daop) are 30A and 10nm,
respectively.
. The TCAD simulation results of electric field of (a) MIS
Figure 2-9 32

device and (b) AOP-MIS device under Vg= 1V.

Cutline of simulated electric field near the surface (Y= 1E-
Sum) of MIS (red line) and AOP-MIS device (green line.) It is

Figure 2-10 ] o 33
found that the AOP-MIS device has larger fringing field than
MIS device.
Band Diagrams and schematic diagrams of electric field in the
Figure 2-11 | SiO7 layer of MIS device and AOP-MIS devices at reverse 34
bias.

The comparison of the Cg-Vg curves of (a) MIS device and
Figure 3-1 (b) AOP-MIS device with 2.7nm oxide layer under different 44
light illuminance (red: 0.6lux, blue: 3.91ux, pink: 7.6lux.)

The comparison of the difference of capacitance versus gate
voltage (Cg, gifi- Vi curves) of (a) MIS device and (b) AOP-

Figure 3-2 | MIS device with 2.7nm oxide layer under different light 45
illuminance (red: 0.6lux, blue: 3.91ux, pink: 7.6lux.) Noted

that Cg, gifr is defined as Cg, gifr = Ca, tight - Ca, dark-

The comparison of (a) the dark and light currents and (b) Ig,

difi- VG of MIS device (solid line) and AOP-MIS device (dash
Figure 3-3 | line) with 2.7nm oxide layer under different light illuminance 46
(red: 0.6lux, blue: 3.91lux, pink: 7.6lux.) Noted that Ig, qifr is

defined as g, dgifr = IG, tight - LG, dark.

The comparison of Ig, qif--Vi curves and Cg, gifi- VG curves of
MIS device(black lines) and AOP-MIS device(red lines) with
. 2.7nm oxide layer under different illuminance of light. The
Figure 3-4 . . . o . 47
discussion of behavior would be divided into three regions.
Region 1 represented Vo<V (=-0.9V), Region 2 represented

Ves<V<0, and Region 3 represented V> 0.

. The schematic diagrams of currents of (a) MIS device and (b)
Figure 3-5 ) ] . 48
AOP-MIS devices in region 1 (Vg < Vrz=-0.9V.)
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F 36 The schematic diagrams of currents of (a) MIS device and (b) .
igure 3-
8 AOP-MIS devices with light in region 2 (Vs < Vg < 0).

. The schematic diagrams of currents of (a) MIS device and (b)
Figure 3-7 ) ] ) 50
AOP-MIS devices in region 3 (Vg>0.)

. Comparison of Vc-Illuminance of MIS and AOP-MIS devices
Figure 3-8 . o 51
where V. is the open circuit voltage.

. Comparison of Is.-Illuminance of MIS and AOP-MIS devices
Figure 3-9 ) o 52
where I is the short circuit current.

Comparison of the (a) capacitance Cg-Vgand (b) Cg, gifr-Va
Figure 3-10 | curves when Vg was near 0 V of MIS and AOP-MIS devices. 51

Noted that Cg, dgitr is defined as Cg, gitt = Ca, tight - Ca, dark.

Comparison of the (a) gate current I -Vg and (b) Ig, ¢it-Va
Figure 3-11 | curves when Vg = +1V of MIS and AOP-MIS devices. Noted | 52

that Ig, gifr 1s defined as Ig, dgift = I, lignt - 1G, dark.

. Schematic diagram of (a)top view and (b)cross section of
Figure 4-1 ) i 59
proposed IGOS operating AOP-MIS device.
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1-1 Motivation and Thesis Organization

The semiconductor industry has greatly changed human’s life, and sped up the
development of technology. According to Moore’s law [1], which is proposed in 1964,
the number of transistors in integrated circuit would double every 18 months. However,
in recent days, whether the development of semiconductor industry still follow the
Moore’s law or not becomes controversial because as the device sizes are shrunk, there
are some problem starting to show up such as short channel effect (SCE), narrow channel
effect (NCE), drain induced barrier lowering (DIBL), etc. Therefore, there are more and
more devices with new structure were proposed aiming to keep up Moore’s law such as
fin field-effect transistor (FinFET), gate-all-around field-effect transistor (GAAFET), and
devices with different high-k material as gate dielectric. Also, metal-insulator-
semiconductor (MIS) devices with ultra-thin oxide were also proposed and investigated.
It is found that their current behavior are similar to Schottky diode [2], and have high
sensitivity to minority carrier, which originate from the tunneling effect. With such
electrical characteristics, it can be used as temperature sensor [3] - [4], memory [5] - [7],
and light sensor [8].

In this thesis, some basic mechanism and fabrication method of MISTD is reviewed,
and a new structure of MISTD with aluminum oxide passivation layer is proposed and

investigated. In the first chapter, we will introduce the fabrication method of anodization

doi:10.6342/NTU202300048



process and the determination method of ultra-thin oxide thickness, discuss the
dependency of current on oxide thickness, and how additional minority charges supply
influences the device. Also, the light sensor applications discussed in previous research
is also introduced. As for the second chapter, the capacitance and current behavior of the
newly proposed Al,Os passivated metal-insulator-semiconductor (AOP-MIS) devices is
displayed and discussed. It is observed that AOP-MIS devices can reach higher saturation
current with the help of aluminum oxide layer. In chapter 3, the measurement of the light
responsibility of AOP-MIS devices is presented. It was found that because aluminum
oxide layer enhanced the local electric field, the sensitivity of minority carrier increases.
Therefore, the devices have great sensitivity of light compared to conventional MIS

devices.
1-2 Anodization system

It is found that comparing to conventional thermal oxidation process, the oxide layer
fabricated by anodization process has higher quality, and the oxide thickness can be well
controlled. The process was first proposed by P. F. Schmidt and W. Michel in 1957 [9].
By using anodization system, the leakage current of MOS devices with ultra-thin oxide
grown through anodization system is greatly lowered and therefore the devices could have
better performance [10].

The schematic diagram of anodization system is depicted in Fig. 1-1. The platinum

doi:10.6342/NTU202300048



plate is connected to cathode while silicon wafer is on the anode side. By adjusting the
applied D.C. voltage, temperature, oxidation duration and doping concentration of wafer,
the growth rate and quality can be well controlled. Furthermore, in order to grow an oxide
layer with different thickness on the same wafer, wafer could be tilted so that the distance
between anode and cathode is different from place to place, leading to different electric
field over the wafer. The process can be expressed as follows:
1. In the cathode, D.I water would dissociates into hydrogen ions and hydroxide.
H,0 2 H" + OH™ (1-1)
2. Within silicon wafer, holes would be supplied from the bulk to the Si surface.
Si+2h* - Si%t (1-2)
3. Then, the silicon reacts with the hydroxide and becomes silicon hydroxide.
Si?* + 20H™ - Si(OH), (1-3)
4. Finally, the silicon hydroxide would release hydrogen and form silicon dioxide.
Si(OH), - Si0O, + H, (1-4)
The overall reaction can be described as:
Si+ 2h* + 2H,0 - Si0O, + H, + 2H* (1-5)
The devices in this work was under the same condition that applied D.C voltage =
15 V for 7.5 minutes in room temperature. It is also noted that to improve oxide quality,

the wafer should go through rapid thermal process (RTP) to decrease the number of

4
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defects in the oxide layer.
1-3 Oxide Thickness Determination
For the conventional MIS devices which oxide thickness is typically larger than 3nm,
the oxide thickness can be determined by capacitance in accumulation region, which can

be expressed as [11]:

Crotar(@ce) = Cox = AZE (1-6)

where A stands for the area of MIS device, €,y is the permittivity of silicon dioxide, and
dox 1s the thickness of oxide layer. However, for the oxide layer thinner than 3nm, the
importance of direct tunneling effect increases and the quasi-static capacitance becomes
hard to measure. Therefore, two-frequency correction method is proposed by K. Yang [12]
to make better determination of oxide thickness. The circuit model of MIS capacitor and

its equivalent parallel mode is shown in Fig. 1-2. The total impedance can be written as:

Rp(1—jwCRyp)
1+w2C2Ry? ’

7 =R, + (1-7)

where R, is the shunt resistance, R is the series resistance of the substrate and the gate,
and C is the corrected capacitance. As for the parallel mode of MIS devices, the total
impedance can be expressed as an equation of measured capacitance C’, and measured

resistance R’. The equation is

7 =D—_j’ (1-8)

wCr(1+D'?)

where D’= 1/@wR’C' is the dissipation factor. By equating imaginary part of two equations,

5
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the relations can be obtained.

1+w?C%Ry?

’ 12
G = wC'(1+ D) (1-9)

Consequently, with the measured capacitance and dissipation factor of two different
frequency, we can solve the actual capacitance C by subtracting two equations which can

be written as:

_ f2c (140", 7)-f2c 5 (140,)
- fi*-fa?

C (1-10)
where C'; and D’; is the capacitance and dissipation factor measured under frequency
f,, while C', and D', is the capacitance and dissipation factor measured under
frequency f,.

Also, a capacitance-voltage (C-V) simulator in which a quantum mechanical effect
had been taken into consideration was proposed by K.Yang, Y. C. King, and C. Hu [6],
[13]. We can also extract the oxide thickness by fitting the experimental results to the
simulated C-V curves.

1-4 Characteristics of p-type MIS Tunnel Diodes
1-4-1 SBH Modulation and Oxide Thickness Dependency

In previous studies, it was found that p-type MIS devices with ultra-thin oxide layer,

thinner than 35A exhibits different electrical characteristics from normal MIS device. Due

to the thin oxide thickness, the voltage drop on the oxide becomes small, and the direct

tunneling effect rather than Fowler-Nordheim (FN) tunneling dominates [14] - [15]. The

6

doi:10.6342/NTU202300048



current density-voltage (J-V) curves are shown in Fig. 1-3 [16]. When the gate bias is
negative, the device is under accumulation region, the current would decrease as the oxide
thickness becomes larger due to the lower tunneling rate of carriers. While under positive
gate bias, the saturation current is larger for devices with thicker oxide layer, which shows
opposite trend to the accumulation current. To explain the saturation behavior, the
Schottky barrier height (SBH) modulation was introduced [2]. In this region, the current
is mainly dominated by Schottky diode hole current, which can be expressed as [17] -
[18]:
Iy = A*Agp P T?exp(—qen* /kT) (1-11)

where A" represent the effective Richardson constant, A.¢ is effective area, P; is the
tunneling probability, and ¢y," is the effective Schottky barrier height of holes. The
Schottky barrier height is related to voltage on oxide layer, which can be written as:

P = Xsi = P+ 2= Vi (1-12)
where qys; 1s electron affinity of silicon, q®,, is work function of metal (aluminum in
this work), Eg is the bandgap of silicon, and V,, is the oxide voltage.

The schematics diagrams of devices with thin oxide and thick oxide are depicted in
Fig. 1-4. For thinner oxide, the voltage drop on the oxide layer is smaller, so the Schottky
barrier height is higher, which leads to lower tunneling rate of carriers and lower

saturation current. On the contrary, the device with thicker oxide can have lower Schottky

7
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barrier height under the same applied gate voltage, and hence have higher saturation
current.
1-4-2 Additional Minority Charges Supply
The research of effect of additional minority charges supply was also conducted
previously [19]. It is found that with the lateral minority carriers generated by light, the
effective Schottky barrier height would be lowered. The effective Schottky barrier height
can be expressed as:

Pn" = Pno — Agp (1-13)
where @y, represents the original Schottky barrier height without lateral minority
charges supply, while Ay is the change of Schottky barrier height. Also, Agy is
related to minority carriers flux, and can be written as:

App = Bq|F|dox (1-14)
in which B is a constant, F is lateral minority carriers flux, and dgy is the thickness of
oxide layer. The band diagrams of MIS devices in dark and light condition are depicted
in Fig. 1-5. With light-generated minority carriers, ¢p* decreased and hence there is

more holes able to tunneling through the oxide layer, which leads to larger current.
1-5 Light Sensing Application of MIS Devices

Due to the Schottky barrier height modulation affected by minority carriers supply

as discussed in the last section, the MISTD has good sensitivity in light [19]. In previous
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studies [2], it is also found that with an additional outer gate, the dark current of MISTD

may be controlled by the applied gate voltage. As shown in Fig. 1-6 [20], when the outer

gate voltage is set at around the flat band voltage (Vs = -0.9V), the amount of minority

carriers flowing toward the center MIS, which is the main sensing region, is suppressed.

Consequently, the effective Schottky barrier height becomes higher, and the dark current

decreases, which therefore gives rise to the increment of the liigny/lqark ratio. Afterwards,

exchange of gate and sensor regions to enhance the sensitivity was proposed by C. Y.

Huang [21]. It is showed that the coupling mechanisms are asymmetric for the inner gate

outer sensor (IGOS) and the inner source outer gate (ISOG) devices, which leads to

different results of responsivity in light as shown in Fig. 1-7 [21]. It can be observed that

under the IGOS operation condition, the device is less controlled by the gate coupling

effect, and the photovoltaic effect becomes more obvious. Also, IGOS device mainly

senses light with its outer ring, which has larger radius comparing to ISOG and single

MIS device, and hence it can be the most sensitive among three kinds of devices.

Although researches concerning to light sensing of pure MISTD has been conducted,

how high-k passivation layer may affect light sensing ability of MIS devices has not been

fully studied yet. Therefore, in this thesis, a new structure of AOP-MIS device was

proposed. We would discuss the differences of electrical characteristics from MIS devices,

and examine its light sensing performance in the next two chapters.

9
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1-6 Summary

In this chapter, the motivation and the organization of this thesis are introduced. The
method of anodization process to grow high quality silicon dioxide and the determination
of oxide layer thickness are explained as well. The electrical characteristics of MISTD
such as SBH model and minority carrier supply are also discussed. Finally, some previous

studies about MISTD used as light sensor is also introduced in the last section.

10
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(b)

Figure 1-1. Schematic diagram of the anodization process. Silicon wafer is connected

to anode and tilted in a certain angle while the platinum plate is connected to cathode.

(@)

c= =w

R

S

(b)

C’_

=K

Figure 1-2. (a)The accurate circuit model and (b)the equivalent parallel model of the

MIS TD.
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10° - Accu. Blas Inv. Bias

Gate Current Density, Jg (A/cm?)

10° T T T T T T T T T T T T T

-1 0 1 2
Gate Voltage, Vg (V)

Figure 1-3. Jg-Vg curves of p-type substrate MOS devices with different oxide
thickness (dox). It is observed that the current behavior in accumulation and

inversion region had opposite tendency with dox [16].

12
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At V>0 (Reverse Bias)

(@) | Thinner Oxide (b) Thicker Oxide

Vo 3__/ dox1<dox2 Vox2 _I_ / J

J‘Jek_ e2
< / — Voxl < Vox2 /_
— E — Epp

— 0%, > 0%,

R J.,>]
I ")J el e2
hl —P{ > JhZ

Jh1 <n2

% /

EFM

Figure 1-4. Schematic diagram of MISTD with (a)thinner oxide and (b)thicker oxide

to explain the saturation current behavior by the SBH modulation.
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Figure 1-5. Schematic diagram of MISTD under (a)dark condition and (b)light

condition to explain the current enhancement due to reduction in effective Schottky

barrier height.
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Figure 1-6. The current-voltage behavior of MISTD (a) with and (b) without
additional outer gate. It is shown that photo response could be effectively enhanced

by properly biasing V¢ on the outer gate [20].
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Figure 1-7. Responsivity versus gate voltage of ISOG and IGOS devices. It is

observed that the responsivity of IGOS device is greatly better than the ISOG and

single sensor device. [21]
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Chapter 2

Characteristics of AlO; Passivated
Metal-Insulator-Semiconductor (AOP-
MIS) Devices

2-1 Introduction

2-2 Experimental and Device Structure
2-3 C-V and I-V Characteristics

2-4 Mechanism Discussion

2-5 Summary
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2-1  Introduction
In this chapter, we provids the experimental details of fabricating MIS and AOP-
MIS devices used in this work in section 2-2. Then, the I-V and C-V characteristics of
AOP-MIS devices are compared with MIS devices in section 2-3. Finally, the
mechanism of how Al>O3 layer affects the device’s performance is further discussed in
the last section. It is observed that with the help of Al>O; layer, the behaviors of both
capacitance and current are changed significantly. The capacitance of the AOP-MIS
devices becomes much higher than the MIS devices in the inversion region. Also, due
to the enhancement of the local electric field by aluminum oxide layer, the saturation
current is enlarged.
2-2  Experimental and Device Structure
The process flows of MIS and AOP-MIS devices are shown in Fig. 2-1. A 3-inch
boron-doped 1-10 (2-cm (100)-oriented p-type silicon wafer was used as the substrate.
Firstly, the wafer went through standard Radio Corporation of America (RCA) clean.
After the impurities and native oxide on the surface were removed, the wafer went
through ANO process to grow high quality oxide. In this step, the wafer was tilted in order
to make the thickness of oxide layer vary from 2.7 nm to 3.0 nm at room temperature.
Then, rapid-thermal-annealing at 950°C for 15 seconds in N> ambient was carried out to

repair defect in the oxide layer. Subsequently, a 200 nm Al film was deposited on the
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oxide layer by thermal evaporation. Afterwards, photolithography and wet etching were

carried out to define electrode area for the MIS devices. As for the AOP-MIS devices, the

same pattern was used to define electrode area. However, wet etching was conducted in

room temperature to slowly etch Al layer until it remained a thin film besides from the

electrode part. After that, the wafer was dipped into nitric acid solution for 3 minutes to

form AlbO; layer. Finally, the photoresist was removed and the devices were done. The

schematic diagrams and the cross sections of MIS device and AOP-MIS device are shown

in Fig. 2-2. Compared to conventional MIS devices, there is an Al2O3 layer surrounding

the gate electrode and above the oxide layer in the region other than electrode area in

AQOP-MIS devices.

2-3 C-V and I-V Characteristics

To compare how high-k layer affects MIS devices, the comparison of gate

capacitance versus gate voltage (Cg-Vg) curves and gate current versus gate voltage (Ig-

Vi) curves are discussed in this section.

The Cg-Vg curves for MIS and AOP-MIS devices are shown in Fig. 2-3(a) and (b),

respectively. The Ig-Vg curves of them are shown in Fig. 2-4. In accumulation region,

the behavior of gate current is more related to the thickness of oxide layer. Therefore, it

is observed that with the similar thickness of oxide layer, gate capacitance and gate

current are similar for MIS devices and AOP-MIS devices. Nevertheless, the behavior
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of two devices started to distinguish after the gate voltage was larger than flat band

voltage (Vre=-0.9V). For Cs-Vg curves, the MIS device with 2.7nm oxide layer showed

the effect of deep depletion as observed in previous studies. Because for a thin-oxide

device, the minority carrier was not sufficient, it had more tendency of having larger

depletion region and thus had more space charge to compensate the positive voltage.

Therefore, the depletion width increased with voltage, and the capacitance becomes

lower. However, for AOP device with similar oxide thickness, it seemed that the

minority carrier was more sufficient and thus could reach higher capacitance at low

frequency.

Aside from the differences of devices’ performance shown in Cg-Vg curves, the

behavior of gate current in the depletion region and the inversion region also differed

accordingly. For MIS device, the current saturated after gate voltage approximately

larger than 0.7 V (Fig. 2-4). On the contrary, for AOP-MIS device, the gate current was

larger than MIS device in reverse bias. Besides, the gate current became greater as the

gate voltage increased, and it did not saturate even when the gate voltage reached 1V.

The phenomenon showed that unlike the MIS device, there was more minority carrier

able to respond, and thus had larger current. The detailed mechanism would be

discussed in the next section.

Here, the measurements of Cg-Vg curves and Ig-Vg curves of both MIS and AOP-
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MIS with different oxide thickness(dox) were also conducted (Fig. 2-5 and Fig. 2-6). In

accumulation region, two kinds of devices had similar tendency. With the increment of

the oxide thickness, both the gate capacitance and the leakage current decreased

accordingly in this region. As for inversion region, with the increment of oxide thickness,

the deep depletion behavior can be suppressed, and therefore the capacitance increased,

which is shown in the Cg-Vg diagram in Fig. 2-5(a). However, the low frequency

capacitance of the MIS devices with oxide thickness under 2.8nm is still lower than 25pF.

On the contrary, for all AOP-MIS devices, it could maintain high capacitance with oxide

thickness ranging from 2.7- 2.8 nm.

As for the behavior of the gate current (Fig. 2-6), MIS devices showed the

phenomenon of saturation current overturn in the inversion region as expected. That is,

the saturation of current happened earlier but the current would be lower for devices

with thinner oxide. However, it would saturated under higher gate voltage and had

higher value in inversion region for those with thicker oxide. In contrast to the MIS

devices, the gate current purely increased with the thickness of oxide getting higher for

AOP-MIS devices. In addition, the current did not saturate with oxide thickness of 2.7

nm. Also, with high-k layer, the performance of gate current can be enhanced under the

same oxide as MIS devices.

Fig. 2-7 further compared the characteristics of two kinds of devices. In Fig. 2-7(a),
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it can be observed that under similar range of Cw-2v, all of the AOP-MIS devices had
high capacitance Cga+1v which was around 300 to 350 pF. However, MIS devices stayed
at low value which was not larger than 30pF due to the deep depletion effect. For gate
current (Fig.2-7(b)), the relation between current in saturation region and in
accumulation region is represented. With Igg-2v in the range of 0 to 1000 nA of MIS
showed the saturation current overturn behavior. However, for AOP-MIS devices, it is
shown that Iga+1v purely decreased with oxide thickness. Also, the saturation current of
AOP- MIS was larger than MIS device under the similar range of Icg-2v which also
represented that they are under similar range of oxide thickness. With Igg-2v around 430
nA, the saturation current of AOP-MIS device can up to about 4 times larger than MIS
device. Moreover, when the oxide layer becomes even thinner, the gate current Ilgg+1v
could reach about 33 nA.
2-4  Mechanism Discussion
To further understand the effect of AOP layer, TCAD simulation was conducted. The
structures of MIS device and AOP-MIS device used in simulation are shown in Fig. 2-8.
It is noted that the thickness of SiO> layer (dox) and ALLOs layer (daop) are 30A and 10nm,
respectively. Also, models of self-consistent direct tunneling in all the forms [22],
Shockley—Read—Hall recombination [23]-[24], Auger recombination [25], and Bohm

quantum potential accounting for the quantum confinement effect [26] are used here. Fig.
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2-9 displays the results of simulated electric field at the edge of the electrode. It is
observed that the fringing field of AOP-MIS device extends further. Besides, by Fig. 2-
10, which shows the cutline of electric field near surface, it is found that AOP-MIS device
has higher fringing field outside the electrode than MIS device. Therefore, it is supposed
that with the existence of AOP layer, the fringing field would be enhanced and extended
to further region.

Also, SBH modulation theory is introduced to explained the difference of current
behavior between MIS and AOP-MIS device here. By SBH modulation theory, the
saturation current is strongly related to the tunneling effect happening at the edge of
device. The behavior of current is similar to a Schottky diode. The current can be written

as

Jn < exp(= 128 2-1)
where ¢p 1s the Schottky barrier height, k is the Boltzmann constant and T is the
temperature. With a layer of high-k surrounding the device edge, the edge electric field
(E) would be enhanced. Therefore, there is a larger potential drop on oxide layer (Vox2)
than that of the MIS device (Vox1). The band diagram is depicted in Fig. 2-11. With the
help of high-k layer, the Schottky barrier height at the edge at which the majority hole

carrier faced decreased, which means there are more holes able to tunneling through the

oxide layer. As a result, according to Eq. (2-1), the hole current J;, would become larger.
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This leads to the result that the total current of AOP-MIS device could be higher than MIS
device with the same oxide layer.
2-5  Summary
In this chapter, we proposed and fabricated Al>O3 passivated (AOP) MIS devices.
Two electrical characteristics of Cg-Vg and Ig-V curves of it was shown and compared
with traditional MIS devices. From these data, we found that the deep depletion behavior
would be suppressed with the help of the Al>O;3 layer, and the gate capacitance therefore
can reach higher value in inversion region. The mechanism that due to the lowered
Schottky barrier height in AOP-MIS devices, more carriers are able to tunneling through

and injecting into substrate was also proposed.
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Figure 2-1. The experimental process flow.
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Figure 2-2. (a) Schematic diagram of the MIS device(left) and AOP-MIS device(right)

and (b) cross sections of them.
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Figure 2-3. The comparison of the Cc-V¢ curves of (a) MIS device and (b) AOP-MIS

device with 2.7nm oxide layer.
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MIS device (red line).
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devices and (b) AOP-MIS devices under different oxide thickness.
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Figure 2-6. The comparison of the Ic-V¢ curves of (a) MIS devices and (b) AOP-MIS

devices under different oxide thickness.
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used in TCAD simulation. The thickness of SiO2 layer (dox) and Al2O3 layer (daor)

are 30A and 10nm, respectively.
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Figure 2-9. The TCAD simulation results of electric field of (a) MIS device and (b)

AOP-MIS device under Vg=1V.
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Application of A,O3 Passivated Metal-
Insulator-Semiconductor (AOP-MIS)
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3-1 Introduction

In this chapter, the effect of light on MIS and AOP-MIS was studied. All devices

were fabricated under the same process introduced in Chapter. 2. The oxide thickness of

the devices are ranging from 2.7 nm to 3.0 nm. In section 3-2, representative devices for

each of two kinds of devices were chosen for comparison. The result of Cg-Vg and Ig-Vg

characteristics under different light illuminance conditions were discussed. Furthermore,

in section 3-3, the mechanism of light current under different gate voltage was proposed.

Finally, in the last section, we compared some representative parameters of light sensing

performance of MIS device and AOP-MIS device. We find that with the help of the

aluminum oxide layer, which enhances the local electric field at the edge, the AOP-MIS

devices can gather more excess carrier generated by light at the edge of the device. Hence,

they were more sensitive to light, and hence showed better performance. Not only open

circuit voltage but also short circuit current has larger difference under different light

illuminance.

3-2 Overview of I-V and C-V Characteristics

The measurements of gate current and capacitance with different illuminance of light

casting on both MIS and AOP-MIS devices were conducted. Fig. 3-1 shows the

comparison of the Cg-Vg curves of (a) MIS device and (b) AOP-MIS devices with 2.7nm

oxide layer under different light illuminance. Also, the corresponding change in the gate
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current is presented in Fig. 3-3 as well. According to Fig. 3-1, it is observed that under

dark condition, the Cg-Vg curves of AOP-MIS device did not show the tendency of deep

depletion as the discussion in the last chapter. When there is a light source provided, the

light would intrigue the generation of electron-hole pair in the substrate. Thus, it makes

the device more like to catch up the voltage response, which leads to the increasement of

capacitance. The difference of capacitance under dark and light was also calculated. It is

defined as below.

Ca, diff = CG, light - CG, dark (3-1)

The result of Cg, gitfr- Vi curves is shown in Fig. 3-2. Compared to purely slight change

in capacitance of the MIS device, the AOP-MIS device had higher sensitivity to

illuminance change. The maximum difference of capacitance of AOP-MIS device was up

to more than 110pF, while for MIS device, it could not even reach 10pF. Although the

reason of the existence of two peaks of capacitance with 1kHz-frequency in Fig.3-2 (b)

was not fully studied and analyzed yet, it cannot be ignored the possibility of using the

AOP-MIS device as light sensor.

As for gate current, both MIS device and AOP-MIS devices showed the behavior of

response to light. The current was enhanced due to the generation of excess carriers due

to light. With the illuminance of light increased, the current was enlarged accordingly.

However, for MIS devices, there is a tendency that its light current would saturated and
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was difficult to reach higher value even the intensity of light increased. In contrast, there

is more room for the light current of AOP-MIS device to increase. The difference between

the light current and the dark current (I gifr) of two kinds of devices are shown in Fig. 3-

3(b). It is observed that the Ig gifr of AOP-MIS device could be more than twice as large

as Ig.gifr of MIS device when Vg=+1V.

3-3 Mechanism Discussions of MIS Devices and AOP-MIS Devices

In this section, we would compare the mechanism of light current of two devices.

The comparison of Ig, dift-V curves and Cg, gifi-V are shown in Fig. 3-4. It seemed that

based on the behavior of current and capacitance, we can divide it into three different

regions, which is Vg< VB (2-0.9V), Vi< VG< 0, and Vg> 0 as Region 1, 2, and 3,

respectively.

In region 1, the gate voltage was more negative than flat band voltage, which

represented that the device was in accumulation region. In this region, since the negative

bias, the current is mostly contributed by electron carriers flow along the electric field. A

huge amount of electron would inject into the substrate. The schematic diagram was

shown in Fig. 3-5. The current was determined by the thickness of oxide layer, and the

effect of light was negligible. Hence, there was no obvious difference in two devices.

As for region 2, which is Vis< V<0, the devices were in depletion region. Although,

the gate bias is still negative, which therefore makes electron flowing from gate to the
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substrate, the surface electric field was flipped over here. It led to the result that the excess

carriers generated by the light flow in the opposite direction, which is illustrated in Fig.

3-6. Similar to the discussions in the section 2-3, the Al,Os3 layer is able to strengthen the

electric field near the edge of device. Therefore, the ability to gathering excess carriers is

better than MIS device. That is, the difference current Ig giff could become larger as the

result shown in Fig. 3-4

In the last region that V>0, the direction of electric field caused by gate voltage is

already overturn. The main electron flow is now overturn into the direction from substrate

to metal. Moreover, the current flow at the edge of device is dominant now. The according

schematic diagrams are shown in Figs. 3-7 (a) and (b), which stand for MIS and AOP-

MIS devices, respectively. Furthermore, in this region, the built-in electric field at the

edge is also from metal to substrate as region 2. Due to this electric field, the excess

carriers cause an additional carrier flow, which is from substrate to metal for electron.

Since the edge field becomes much greater than region 2, the influence of it hence

becomes more obvious. That is, the difference current Igqifr is larger in this region for

both MIS and AOP-MIS devices as shown in Fig. 3-4. Also, under the influence of the

existence of Al>O; layer, the edge electric field can be strengthened. This once again leads

to the result of the value of Ig qitf much larger than MIS device.
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3-4 Representative Parameters of Light Sensing Performance

Eight different devices with different thickness of oxide layer for both MIS and
AOP-MIS devices were fabricated. The oxide thickness of these devices is ranging from
2.7 nm to 3.0 nm. Then, we conducted a series of measurement on these devices, such as
open circuit voltage (Voc), short circuit current (Isc), and their corresponding capacitances
under different light intensities. The results are concluded as follows.

In Fig. 3-8, the comparison of open circuit voltage (Vo) versus illuminance of MIS
and AOP-MIS devices were presented. It is noted that the definition of open circuit
voltage is the gate voltage where the gate current is zero at that time. From this figure, it
is shown that although under weak light, there is no big difference can be observed.
However, when the light intensity is increased, the response of devices seemed to differ.
For MIS devices, the open circuit voltage had the tendency to saturate, and the difference
between Vo under light of 3.9 lux and 7.8 lux was less than ImV. In contrast, the AOP-
MIS did not saturate, but could reach higher value of Voc under 3.9 lux and 7.8 lux. The
difference between Vo under light of 3.9 lux and 7.8 lux was 4 mV, which showed that
AOP-MIS devices has better sensitivity of light change.

Also, the results of short circuit current (Isc) reacting to the change of light
illuminance of MIS and AOP-MIS devices were depicted in Fig. 3-9. The short circuit

current was defined as the gate current under V= 0 V. It is observed that although under
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condition of illuminance= 0.6 lux, Isc of MIS device can reach 61 pA. However, the light

current started saturating when the light intensity increased. The difference between the

mean value of Isc under light of 0.6 lux and 7.8 lux was not larger than 10 pA. By contrast,

for AOP-MIS devices, the difference between the mean value of Isc was up to about 200

pA. Also, the response of Isc to light intensity of AOP-MIS devices seemed to be more

linear than MIS devices, which indicated that AOP-MIS structure is a better choice for a

light sensor.

The change of gate capacitance at low frequency of 1kHz under similar conditions

were also measured and presented in Fig. 3-10. It is shown that under dark condition

(illuminance= 0 lux), the initial value of gate capacitance of AOP-MIS devices was higher

than that of MIS devices. Furthermore, under higher light intensity conditions, the

behavior of saturation of MIS devices can be observed again here. From the difference of

capacitance versus illuminance curves (Fig. 3-10(b)), it was observed that the mean value

of Cg, gifr was only 16 pF under light illuminance= 7.6 lux for MIS devices. However, for

AOP-MIS devices, the mean value of Cg, aiff was about 64 pF under the same condition,

which was four times larger than MIS devices.

Finally, the measurement of gate current in inversion region was conducted, and the

difference of current between light and dark was also calculated. Here, the gate voltage

of 1V was chosen. The results were shown in Fig. 3-11. From Fig. 3-11(a), it can be seen
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that the gate current basically saturated and confined under about 5 nA even if the
illuminance reaches 7.6 lux for MIS devices. Nevertheless, the AOP-MIS devices
increase with the light intensity. Although the variation of AOP- MIS devices was greater,
all of them could have larger value of gate current than MIS devices. In addition, it is
noticed from Fig. 3-11(b) that the difference of light and dark current is close to a linear
dependency on light illuminance for AOP-MIS devices, and the maximum difference
could up to 17 nA, which is four times larger than MIS devices.
3-5 Summary

In this chapter, we examined the characteristics of devices’ performance under light.
Both I6-Vg and Cg-Vg curves were explored. It is observed that after the light increases
large enough, the current and capacitance would nearly become saturated for MIS devices.
However, for AOP-MIS devices, the current would not saturate but could still increase as
light intensity becomes higher. The mechanism that the Al,O3 layer can enhance local
electric field at the edge was used to explain the higher sensitivity here again. With higher
electric field, the ability to gather excess carrier is enhanced; therefore, AOP-MIS devices
have higher light current than MIS devices. Finally, we examined V. and I to find the
ability of light sensing. The difference of Isc between light (illuminance= 7.8 lux) and

dark of AOP-MIS devices could reach 305 nA which is more than 3 times larger than that
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of MIS devices. Also, at inversion region at Vo= 1V, the I qitr of AOP-MIS devices was

four times higher than that of MIS devices.
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Figure 3-1. The comparison of the Cc-V¢ curves of (a) MIS device and (b) AOP-MIS

device with 2.7nm oxide layer under different light illuminance (red: 0.6lux, blue:

3.9lux, pink: 7.6lux.)
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Figure 3-2. The comparison of the difference of capacitance versus gate voltage (Cg,
ditt-VG curves) of (a) MIS device and (b) AOP-MIS device with 2.7nm oxide layer
under different light illuminance (red: 0.6lux, blue: 3.9lux, pink: 7.6lux.) Noted that

Cag, dgiff is defined as Cg, giff = Cag, light - Ca, dark.
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Figure 3-3. The comparison of (a) the dark and light currents and (b) Ig, git-VG of

MIS device (solid line) and AOP-MIS device (dash line) with 2.7nm oxide layer

under different light illuminance (red: 0.6lux, blue: 3.9lux, pink: 7.6lux.) Noted that

IG, qifr is defined as Ig, daiff = IG, light - G, dark.
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Figure 3-4. The comparison of Ig, git-VG curves and Cg, dgitt-VG curves of MIS
device(black lines) and AOP-MIS device(red lines) with 2.7nm oxide layer under
different illuminance of light. The discussion of behavior would be divided into three
regions. Region 1 represented Ve<Vrs (2-0.9V), Region 2 represented Vre<V¢<0,

and Region 3 represented V> 0.
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Figure 3-5. The schematic diagrams of currents of (a) MIS device and (b) AOP-MIS

devices in region 1 (Ve < Vre=-0.9V.)
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Figure 3-6. The schematic diagrams of currents of (a) MIS device and (b) AOP-MIS

devices with light in region 2 (Vre <V <0).
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Figure 3-7. The schematic diagrams of currents of (a) MIS device and (b) AOP-MIS

devices in region 3 (V> 0.)
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Figure 3-8. Comparison of Voc-Illuminance of MIS and AOP-MIS devices where Voc

is the open circuit voltage.

51

doi:10.6342/NTU202300048



400

1| —=—MIS
3504 | —e— AOP-MIS

300 —
250 —
200 —
150 —

’IOO—- + 4‘11

50 S

lsc (PA)

'50 T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8

[lluminance (lux)

Figure 3-9. Comparison of Isc-Illuminance of MIS and AOP-MIS devices where Isc

is the short circuit current.
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Figure 3-10. Comparison of the (a) capacitance Cc -Vc and (b) Cq, ditt-VG curves

when V¢ was near 0 V of MIS and AOP-MIS devices. Noted that Cg, dgitr is defined as

Cag, dgiff = Ca, tight - Ca, dark.
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Figure 3-11. Comparison of the (a) gate current I¢c-Vg and (b) Ig, «it-VG curves when
Ve = +1V of MIS and AOP-MIS devices. Noted that Ig, gitt is defined as Ig, gitr = I,

light - IG, dark.
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Chapter 4
Conclusion and Future Work

4-1 Conclusion
4-2 Future Work
4-2-1 Thickness Dependence of Al2O3 Layer and
Mechanism Analysis

4-2-2 1GOS Operating AOP-MIS Device
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4-1 Conclusion

In this thesis, a novel structure of MISTD surrounding by an Al,O3-passivation layer

was proposed. In Chapter 1, some fundamental knowledge of fabrication method and

electrical characteristics of MISTD were provided. Then, in Chapter 2, the detailed

fabrication process flow of AOP-MIS devices was presented. The measured Cg-Vg curves

showed the result that with the help of the Al,Os passivation layer, there were more

minority carriers in inversion region and making the deep depletion effect suppressed

comparing to conventional MISTD. Also, it was found that although the current behavior

seemed to be similar for MIS devices and AOP-MIS devices in accumulation region, the

inversion current was significantly larger for AOP-MIS device. The mechanism of this

phenomenon was discussed. The Al.Os-passivation layer enhances local electric field,

which leads to more voltage drop on oxide layer on the edge. With the enlarged Vx, the

Schottky barrier height that the holes face decreased accordingly. By the SBH modulation

theory, the current was enhanced correspondingly. In Chapter 3, the photo-sensing ability

of AOP-MIS was measured. It is found that comparing to the saturation of light happening

in MIS devices, the AOP-MIS can have larger difference capacitance and difference

current under light and dark condition. In depletion and inversion region, due to the

enhancement of local electric field by AlO; layer, there are more excess carriers

generating by light can be gathered. Hence, for AOP-MIS devices, the ability of light
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sensing could be strengthened. The measurements of open-circuit voltage (Voc) and short-
circuit voltage (Isc) under different light illuminance were also conducted. It is observed
that AOP-MIS devices have better sensitivity than MIS devices. Particularly, at inversion
region at Vg = 1V, Igdir of AOP-MIS devices was four times higher than that of MIS
devices.

4-2 Future Work

4-2-1 Thickness Dependence of Al:O3 Layer and Mechanism
Analysis

Although the influence of Al>O3 passivation layer has been studied in this work, the
relations between Al>Os3 thickness and electrical characteristic is still not fully understood.
However, the fabrication process used in this thesis faced an obstacle that the thickness
of Al,Os-passivation layer cannot be well controlled due to the uneven etching rate of wet
etching. Consequently, depositing Al layer of electrode region and surrounding region
separately by process such as ALD, rather than etching, followed by oxidation process
may provide a better solution to control the thickness. Moreover, in previous studies [27],
it was found that by using anodization method, the surface of aluminum oxide layer
becomes smoother, and oxygen vacancies within it could be recovered. Therefore, an
aluminum oxide layer grown by anodization process may take into consideration to have
a better quality of passivation layer. Also, aside from experimental results, simulation by

TCAD is also an ideal method to verify the proposed model of mechanism behind this
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novel structure, which may provide us more inspiration on how to further optimize the
device structure.
4-2-2 1GOS Operating AOP-MIS Device

In Section 1-5, some researches of MIS devices with additional outer control ring
were introduced. It was shown that IGOS device has a better performance of light sensing
than single MISTD and ISOG device [21]. Therefore, combining AOP layer, which can
enhance local electric field at the edge of device, to the IGOS device, the sensitivity of
light may be able to further increased. The proposed structure is as shown in Fig. 4-1,
containing an AOP layer surrounding the outer ring to strengthen the electric field which

could lead to the enhancement of light sensitivity.
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Figure 4-1. Schematic diagram of (a)top view and (b)cross section of proposed IGOS

operating AOP-MIS device.
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