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Abstract

This thesis explores the coupling effect between two neighboring electrodes of the
concentric MIS(p) tunnel diode and its impact on photo sensing. Specifically, we discuss
the differences between general devices and devices with edge-removed oxide and
demonstrate the existence of the coupling effect through short-circuit current. The cou-
pling effect is dominated by distinct mechanisms in different regions. In the accumulation
region, the diffusion current formed by the electron concentration gradient is the dominant
mechanism, while in the deep depletion region, the fringe field dominates. However, de-
vices with edge-removed oxide lack coupling effects in the deep depletion region due to
the narrower fringing field distribution.

In addition, using short-circuit current as the photo sensing parameter can maintain
good linearity. By applying a positive bias to the inner gate, the short-circuit current of a
general outer ring device increases linearly from negative to positive with increasing light
intensity. This variable current polarity due to coupling effects provides a notable sensi-
tivity advantage. As for the devices with edge-removed oxide, measuring the substrate
current can obtain a higher light-to-dark current ratio, because the photocurrent is domi-
nated by the outer ring, and the dark current is dominated by the inner center. Additionally,
we perform a special operation of substrate floating that enables our photo sensing can

operate under both positive and negative bias voltages. It is believed that the analysis of
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this thesis has important implications for the development of photo sensing.

Key words: MIS tunnel diodes, coupling effect, fringing field, photo sensor, short-circuit

current, linearity, floating substrate
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Figure Captions

Fig. 1-1. The schematic cross sections of MIS(p) TD structures for (a) CP-OX and (b)

Fig. 1-2. Typical I-V curves of MIS(p) TDs with CP-OX and ER-OX. The directions of
the current flow are marked as (+)(-). The thickness of the oxide layer for both devices is

ADOUL 2.4 TIML. oot e e e ettt e e e e e e e e e e e e aae e e e e e e eea e aaaeeeeeeeeaanaan 13

Fig. 1-3. [-V curves of MIS(p) TDs with various oxide thicknesses for (a) CP-OX and (b)
ER-OX. The top insets are the band diagrams of the device edge for both categories. The
reverse saturation current increases with oxide thickness for CP-OX due to Schottky bar-

rier height modulation, but is independent of oxide thickness for ER-OX due to the edge

1eakage PAthS [9]....coiiiiieiieeieee ettt e e et eera s 14

Fig. 1-4. Schematic of the fringe fields for (a) CP-OX and (b) ER-OX under positive bias.
The light orange regions represent the depletion regions. The fringing field is indicated
by the red arrow. In the CP-OX case, the electric field extends outward, while in the ER-

OX case, the electric field is larger but NAITOWeT...........ccevviiiiiriiieiiiieceecee e 15

Fig. 1-5. I-V curves of MIS(p) TDs (a) with and (b) without the neighboring outer gate.
It is demonstrated that with a neighboring outer gate, photo response can be effectively

enhanced by the proper gate bias [13].....cccieviiriiiiieieeeeeee e 16

Fig. 1-6. Open-circuit voltage with different inner gate biases under varying light inten-

sities. It demonstrated the non-linear response between Vo and @.........ccceuveeennneenneee. 17
Fig. 1-7. I-V curves of MIS(p) TDs with CP-OX and ER-OX under varying light intensi-
ties. Inner center is referred to as the drain, while outer rings are represented by G; and

VIl
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G, with the numbers indicating the number of rings. It is shown that the light-to-dark
current ratio in the case of ER-OX is larger than in the case of CP-OX due to lower reverse

SAtUTALION CUITENE [16]...ueiiiiiieiiieciie ettt et e e tee e e e e e s taeesaseeesssaeessseennbae s 17

Fig. 1-8. I-V curves of the single ring device under varying light intensities. The direction
of the current is marked as (+)(-). The current corresponding to zero bias is denoted as

Isc, and the voltage at the near-zero point of the current is referred to as Voc........ccce..e. 18

Fig. 1-9. (a) The measurement data and fitting curves of Isc and Voc of the single ring
device and (b) Logarithm relationship plot between Voc and Isc under varying light in-

BOIISTELES . e eeeeeeeee e e e e e e e e et e e e e e e e e e e e e e eeeeeee e e e aae e aaaeeeeesaaaennaeaeeeeeeeaneanaaeeeeeeeeaaanaaaaaaees 19

Fig. 2-1. The schematic diagrams of the top view for (a) single MIS(p) TD and (b) con-
centric MIS(p) TD. The corresponding cross-sectional schematic diagrams of MIS(p)

TDs with CP-OX are shown in (¢) and (d), and ER-OX in (¢) and (f), respectively.......... 28

Fig. 2-2. I-V curves of (a) CP-OX and (b) ER-OX ring device w/ and w/o gate in the dark.
The directions of the current flow are marked as (+)(-). Isc without a gate is near zero,
and Isc with -0.4 V gate bias is positive due to the coupling effect. Notably, when using a
gate bias of 0.4V, Isc is negative for the CP-OX device, but almost zero for the ER-OX
device. The results suggest that the coupling effects of each concentric device operate

through different mechaniSms.............coociiiiiiiiiiii e e e 29

Fig. 2-3. (a) The current at three terminals of the CP-OX concentric device versus the
inner gate voltage. The directions of the current flow are marked (+)(-) by the correspond-
ing color. The inset defines the current directions at the three terminals. Schematic dia-
gram of the coupling mechanism of concentric devices under (b) Region 1: Vg < Vg, (¢)

Region 2: 0 V> Vg > Vg, and (d) Region 3: Vg > 0 V. The depletion regions are depicted
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in light orange, fringing fields are represented by red arrows, and electrons are depicted
in green circles. The green and blue arrows represent the electron and hole currents, re-

] 011018 A< APPSR SRR 31

Fig. 2-4. (a) The current at three terminals of the ER-OX concentric device versus the
inner gate voltage. The directions of the current flow are marked (+)(-) by the correspond-
ing color. The inset defines the current directions at the three terminals. Schematic dia-
gram of the coupling mechanism of concentric devices under (b) Region 1: Vi < Vg, (c)
Region 2: 0 V> Vs > Vg, and (d) Region 3: Vg > 0 V. The depletion regions are depicted
in light orange, fringing fields are represented by red arrows, and electrons are depicted
in green circles. The green and blue arrows represent the electron and hole currents, re-

SPECTIVELY ..ttt ettt ettt et ettt e bt e et eneeeareen 33

Fig. 3-1. (a) The short-circuit current of the CP-OX outer ring versus the inner gate volt-
age and the /-f diagrams switching between light and dark conditions per second at (b)

V=0V and (c) Vo=0.4 Vunder varying light intensities............cccceeeuvrerireerrcreernreennnen. 46

Fig. 3-2. (a) The short-circuit current (/sc) of different inner gate biases (V) under vary-
ing light intensities (®). The linear range occurs when the light intensity is greater than
100 lux. The slope of the fitted curve is also indicated. (b) Light intensity threshold (@)
for current polarity changes under different inner gate biases (7). The thresholds for each

bias were predicted from linear relationships..........ccoocueeeiieeiiienieniienieceee e 47

Fig. 3-3. Schematic diagram of the fringing field under illumination. The fringing fields
are indicated by red arrows. The yellow circles represent the additional photogenerated
electrons. The light orange area indicates the depletion region in the dark, while the
dashed yellow line indicates the depletion region boundary that contracts inward under
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Fig. 3-4. (a) Ic-VG curves with the CP-OX outer ring biased at 0 V under varying light

intensities. (b) Power consumption at different gate biases obtained from (a).................. 49

Fig. 3-5. (a) The short-circuit current of the ER-OX outer ring versus the inner gate volt-
age under varying light intensities. Due to the absence of coupling effects, the short-cir-

cuit current at positive bias is similar to that of a single device...........coceeeeieiiiieennenee. 50

Fig. 3-6. The short-circuit current (/sc) of the ER-OX outer ring under different inner gate
biases (V) versus varying light intensities (®). The concentric device senses the same

short-circuit current as a single device regardless of the inner gate positive bias.............. 50

Fig. 3-7. The current at three terminals of the ER-OX concentric device versus the inner
gate voltage (a) in the dark and (b) at the light intensity of 50 lux. The substrate current

is dominated by the inner gate in the dark and by the outer ring under illumination......51

Fig. 3-8. (a) Lubstrate- VG curves of ER-OX concentric devices with different inner circle
radii but the fixed outer radius of the outer ring under dark and illuminated conditions.
The photocurrents of the four curves in the positive bias region almost overlap. (b) Sub-
strate current shown in (a) divided by the perimeter of the corresponding inner gate versus

inner gate voltage. The dark currents of the four curves in the positive bias region coin-

Fig. 3-9. (a) Lsubstrate- VG curves of ER-OX concentric devices with different outer radii of
the outer ring but fixed inner circle radius under dark and illuminated conditions. The
dark currents of the three curves in the positive bias region coincide. (b) Substrate current
shown in (a) divided by the outer perimeter of the corresponding outer ring versus the
inner gate voltage. The photocurrents of the three curves in the positive bias region almost

OVETLAP ...ttt ettt et e st e et e st e et e e it e et eeabeebeeenbeenbeeenbeennaeenreas 53
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Fig. 3-10. (a) Iring-VRring curves of substrate floating and inner center grounded, (b) Ring-
VRing curves of substrate and inner center both grounded, and (c) Icenter-¥center curves of
substrate and outer ring both grounded under varying light intensities for CP-OX. The
saturation current value in the positive voltage region of graph (a) is consistent with that
of graph (b), while the saturation current value in the negative voltage region of graph (a)

is consistent with that in the positive voltage region of graph (C).......cccceevveeieenirecivennnnns 55

Fig. 3-11. (a) Overlay of Figs. 3-10(a) and (b). (b) Overlay of Figs. 3-10(a) and (c)........... 56

Fig. 3-12. (a) IRring-VRing curves of substrate floating and inner center grounded, (b) /Ring-
VRing curves of substrate and inner center both grounded, and (c) Icenter-Vcenter curves of
substrate and outer ring both grounded under varying light intensities for ER-OX. The
saturation current value in the positive voltage region of graph (a) is consistent with that
of graph (b), while the saturation current value in the negative voltage region of graph (a)

is consistent with that in the positive voltage region of graph (€)......c.ccceceevverviervienernennne. 58

Fig. 3-13. (a) Overlay of Figs. 3-12(a) and (b). (b) Overlay of Figs. 3-12(a) and (c)......... 59

Fig. 3-14. Substrate-induced voltage versus the outer ring voltage in the dark and at the

light intensity 0F 300 TUX......ooouiiiiiiieiiee e 60

Fig. 4-1. I-V curves of concentric center, single center, single ring MIS(p) TDs with dif-
ferent gap oxide thickness. The four graphs are (a) edge-removed oxide (ER-OX), (b)
thinner gap oxide, (c) co-planar oxide (CP-OX), and (d) thicker gap oxide. The insets are

schematic diagrams of the StrUCTUIE............cevcviiiiiiiiieiiie e 68
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1-1 Motivation and Thesis Organization

With the advancement of technology, ambient light sensors are prevalent in various
aspects of our daily lives, such as smartphones [1], automobiles [2], and LCDs [3]. As a
result, there have been many issues associated with ambient light sensors in recent years
[4]-[6]. One traditional type of photodetector is the metal-insulator-semiconductor(p) tun-
nel diode (MIS(p) TD) [7][8]. The MIS(p) structure is named as a tunnel diode due to the
quantum tunneling effect of an ultra-thin oxide layer. This device offers many advantages
such as simple process flow, low production cost, and high photo sensitivity.

Previous work has proposed that utilizing concentric devices with suitable neighbor-
ing gate bias can enhance photosensitivity [13]. Moreover, another previous work has
suggested that photosensitivity can be enhanced by using structures that remove the oxide
layer at the edge of the device [16]. As a result, this thesis investigates the electrical char-
acteristics and photo sensing applications of two categories of concentric MIS(p) TDs,
MIS(p) TD with co-planar oxide (CP-OX) and MIS(p) TD with edge-removed oxide (ER-
0X).

This chapter introduces the fundamental /-7 characteristics of two categories of
MIS(p) TDs and discusses relevant previous studies on photo sensing. In addition, this
chapter also compares the pros and cons of using open-circuit voltage and short-circuit

current as photo sensing parameters, providing the motivation for this thesis to study on
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short-circuit current of concentric MIS(p) TDs. In Chapter 2, we bias the outer ring and
substrate at 0 V, i.e., short-circuit operation, sweep the inner gate bias, and conduct the
analysis of the current at each terminal of the concentric devices. We investigate the cou-
pling effect between two neighboring electrodes by using the characteristic of a near-zero
short-circuit current in single MIS(p) TDs. The results show a significant difference in
the coupling effect of neighboring electrodes between the two categories of concentric
MIS(p) TDs. Next, we explore the applications and phenomena of these two categories
in photo sensing using short-circuit current as a measurement parameter in Chapter 3. In
addition to the short-circuit operation, a special operation, the floating substrate operation,
is also presented in the same chapter. Finally, in Chapter 4, the experimental limitation of
this thesis is mentioned and future work directions are proposed, including optimizing the
photo sensing performance of the device and investigating other categories of MIS(p) TD
structures.
1-2 Co-Planar and Edge-Removed Oxides

The previous work [9] introduced two categories of MIS(p) structures. The first cat-
egory is MIS(p) with coplanar oxide (CP-OX), which has a complete SiO, layer on a
silicon substrate. The second category is MIS(p) with edge-removed oxide (ER-OX),
which is characterized by only a SiO> layer between the silicon substrate and the top

aluminum electrode, as shown in Fig. 1-1. These two structures have distinctly different
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electrical characteristics in the deep depletion region. The current of the CP-OX structure
is modulated by the Schottky barrier height [7], whereas the current of the ER-OX struc-
ture is influenced by the edge-leakage effect [9]. Therefore, the saturation current of the
ER-OX structure is lower than that of the CP-OX structure as shown in Fig. 1-2. The
details of these electrical characteristics will be introduced in the next section.
1-3 I-V Characteristics of MIS(p) Tunnel Diodes

The MIS(p) structure with an ultra-thin oxide layer exhibits diode-like electrical
characteristics and is known as a tunnel diode due to quantum tunneling phenomena. Due
to the ideal diode law [10], the current-voltage relationship of a diode is:

I = Io(eRiT — 1) (1-1)
where [ is the current through the diode, V is the voltage across the diode, I, is the
reverse saturation current, n is the ideality factor, k is the Boltzmann constant, T is
the temperature, and g is the charge of an electron.

In the case of CP-OX, the reverse saturation current (I,) is dominated by the hole
current (I,), and it can be described as [11]:

-q0h
I, = A*AeeP T?e kT (1-2)

where A* is the effective Richardson constant, A.g is the effective area for the hole flux,
Py is the tunneling probability, @}, is the effective Schottky barrier height for holes.

However, in the case of ER-OX, removing the oxide layer through wet etching
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results in defects on the oxide edge. This creates an additional leakage path and the dis-
tribution of fringing field under reverse bias is significantly changed, leading to a high
tunneling probability. Therefore, the reverse saturation current is dominated by the elec-
tron tunneling current [9].

1-3-1 Effect of Oxide Thickness

The I-V curves of CP-OX and ER-OX MIS(p) TDs with various oxide thicknesses
are shown in Fig. 1-3 [9]. As the oxide thickness reduces, the negative current increases
in the negative bias region. The current under negative bias is primarily determined by
the tunneling electron flow, and a thinner oxide layer leads to a higher tunneling rate,
resulting in increased current in the negative bias region.

Interestingly, these two categories of MIS(p) TDs have different characteristics in
the positive bias region. The band diagrams of the device edge for both categories are
shown at the top of Fig. 1-3. In the case of CP-OX, as the oxide thickness increases, the
saturation current also increases in the deep depletion region. This phenomenon can be
explained by the mechanism known as Schottky barrier height modulation. The effective
Schottky barrier height @} can be expressed as the following equation [11]:

E
O = Xy = P+ = Vox (1-3)
where Y is the electron affinity of the semiconductor, @, is the work function of the

metal, Eg is the band gap of the semiconductor, and V;x is the voltage drop across the
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oxide layer. A thicker oxide layer reduces the rate of electron tunneling to the metal, which
means that less band bending of silicon is required to maintain charge neutrality. This
results in more voltage being dropped across the oxide layer. According to Eq. ( 1-3 ), a
larger oxide voltage drop would cause a lower effective Schottky barrier height. Therefore,
a thicker oxide results in a larger hole current.

However, in the case of ER-OX, the tunneling probability is high due to additional
leakage paths. The large leakage characteristic of the minority carriers results in a negli-
gible voltage drop across the oxide layer. Therefore, the effective Schottky barrier height
cannot be modulated by Vo, the saturation current is irrelevant to the oxide thickness.
That is to say, the saturation current is dominated by the electron tunneling current, which
is highly influenced by the defect density on the edge oxide.

1-3-2 Fringing Field Effect

The fringing field is an electric field that exists at the edges of the depletion region
due to the non-uniform distribution of charges. The depletion region appears when the
bias voltage at MIS(p) TD is larger than the flat-band voltage. The high tunneling rate of
ultra-thin oxide results in a reduced accumulation of inversion electrons, widening the
depletion region that compensates for the leakage of inversion charges. Additionally, in
the case of CP-OX, neighboring oxide charges create a lateral extension of the depletion

region [12]. Consequently, the lateral fringing field extends outward meanwhile.
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The depletion width in the case of ER-OX is wider than in the case of CP-OX due
to the high tunneling probability through additional leakage paths. Wider depletion width
results in larger fringing field. However, the removal of the surrounding oxide outside of
the device means there are no neighboring oxide charges, preventing the depletion region
from extending laterally. Therefore, the lateral fringing field cannot extend outward. In
conclusion, although the ER-OX device generates larger electric field, the range of fring-
ing field distribution is narrower [9]. The schematic diagrams of the depletion width and
electric field distribution for both categories are plotted in Fig. 1-4.

1-4 MIS(p) Tunnel Diodes for Photodetection

At the reverse bias, MIS(p) TD with CP-OX is characterized by a slight change in
the effective Schottky barrier height induced by surrounding signals that will significantly
change the tunneling current, which means MIS(p) tunnel diode with CP-OX exhibits
excellent photosensitivity. In addition, introducing a neighboring gate can significantly
impact the current of MIS(p) TD with CP-OX [13]. The concentration of minority carriers
strongly influences the deep depletion current, as explained in Section 1-3. Therefore,
altering the gate bias to control the minority carrier concentration distribution can modify
the current behavior. The sensing results of single and concentric MIS(p) TD with CP-
OX are shown in Fig. 1-5 [13]. The results indicate that the dark current of the concentric

device significantly reduces when the gate bias is near the flat-band voltage. This is
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because the flat-band condition of the neighboring gate limits the supply of minority car-

riers to the sensing electrode, leading to an increase in the Schottky barrier height. There-

fore, the light-to-dark current ratio of the concentric device is higher than the single de-

vice.

In addition, it has been proposed that using a concentric device with the inner center

as the gate and the outer ring as the sensor (IGOS) has higher sensitivity than the inner

center as the sensor and the outer ring as the gate (ISOG) [14]. This is due to the asym-

metric coupling effect. A common method for photo sensing is to measure the saturation

light-to-dark current ratio. Although concentric devices can provide improved sensitivity

compared to single devices, the trade-off is the power consumption of the two electrodes.

Thankfully, a novel method for light sensing by measuring open-circuit voltage has been

introduced [15]. Since the sensor remains floating during operation, the power consump-

tion is extremely low. However, the open-circuit voltage does not exhibit a linear rela-

tionship with light intensity, potentially affecting the accuracy and reliability of the sensor.

Photodetection linearity is a crucial property of photodetectors, which indicates the ability

of a detector to respond proportionally to light intensity. Fig. 1-6 displays the open-circuit

sensing results at varying light intensities for different inner gate biases, indicating not

only a non-linear response but also voltage saturation at higher levels of light intensity.

This phenomenon will be explained in the next section.
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In addition to introducing the neighboring gate, previous work [16] has shown that
MIS(p) TD with ER-OX has a higher light-to-dark current ratio compared to MIS(p) TD
with CP-OX due to the lower reverse saturation current observed in MIS(p) TD with ER-
OX. Fig. 1-7 shows the I-V curves of these two categories in the dark and light. This
phenomenon is explained in Section 1-3 as a result of edge leakage effects.

1-5 Photo Sensing Parameters

Fig. 1-8 shows the /-V curves of the single MIS(p) TD device under different light
intensities. The short-circuit current (Isciw/o gate)) 18 defined as the current flowing
through the ring MIS(p) TD when there is no potential difference present between its two
terminals, i.e., Vging = 0 V. The open-circuit voltage (Voc(w/o Gate)) 18 defined as the po-
tential difference measured between the two terminals of the ring MIS(p) TD when there
is no current flowing through, i.e., Igjng = 0 A. In Fig. 1-8 the near-zero point of current
can be regarded as the open-circuit point. Generally, both short-circuit current and open-
circuit voltage are close to zero in the dark. However, in the case of illumination, incident
photons are absorbed to generate electron-hole pairs that are separated by the built-in
electric field to produce photocurrent before recombination [17], which is known as the
photovoltaic effect. This effect allows us to detect light by measuring the short-circuit
current or open-circuit voltage. According to [15], light is sensed by measuring the open-

circuit voltage of the floating electrode, resulting in extremely low power consumption.
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However, as the illuminance gets larger and larger, the sensing performance of this
method decreases. The following paragraphs will explain this phenomenon in detail.
Short-circuit current (Isc) and open-circuit voltage (V) are important parameters
for analyzing the characteristics of photovoltaic devices. For a p-n junction diode, the
relationship between short-circuit current and light irradiance can be described by the

following equation [10][18]:

_ qAnE.

Ton =" (1-4)

where the photogenerated current, denoted as Iy, can be considered equivalent to Isc

as Isc can be ignored in the absence of light., A is the absorption area of the device, 1
is the quantum efficiency, E. is light irradiance falling on area A, hv is the energy of
the incident photons. Eq. ( 1-4 ) demonstrates that the short-circuit current is proportional
to the light irradiance.
Moreover, the relationship between V. and Ig. is obtained as [10][19]:
nkT ¢
VOC =—11’1(—+1) ( 1-5)
q Iy
where [, is the saturation current of the diode, T is the temperature, k is the Boltz-
mann constant, and n is the ideality factor of the p-n junction diode. It can be known
from Eq. ( 1-5) that if Igc > I,, Vo changes with the logarithm of Is:/I,, which

means the value of V. changes very little when the current ratio changes relatively large.

As a result, when the illuminance is high, V. tends to have a limited value. Taking V.

10
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as the detection parameter, the photo responsivity will be worse with increasing illumi-

nance.

The characteristics of MIS(p) TD are similar to the p-n junction diode [20][21], so

it can be speculated that the above theory is still applicable to MIS(p) TD. To confirm this

postulation, we performed experiments. Fig. 1-9(a) shows the measurement data of open-

circuit voltage and short-circuit current of MIS(p) TD single ring device without gate

under different light intensities. In fact, the linearity of the relationship between light in-

tensity and short-circuit current can be influenced by several factors, including recombi-

nation rate, thermal effects, and noise. Nonetheless, the fitting curve indicates that there

is a roughly linear relationship between light intensity and short-circuit current, and the

relationship between the open-circuit voltage and light intensity is approximately loga-

rithmic. The coefficient of determination for the measured data and two fitting curves are

0.99635 and 0.99969, respectively, indicating a strong correlation. Moreover, Fig. 1-9(b)

shows the relationship between V,. and I, which is logarithmic as demonstrated by

the measured data and fitting curve. The coefficient of determination is 0.99943. The ex-

perimental results provide further support for the postulation. Therefore, in this thesis, we

study the feasibility of measuring the short-circuit current of concentric devices to achieve

good linearity in photo sensing applications.

11
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1-6 Summary

This chapter begins with an overview of the subject structure of this thesis, followed
by the introduction of two categories of MIS(p) TD structures and their electrical charac-
teristics. We also discuss previous studies using MIS(p) TDs for photodetection and ex-
plain the main reason and motivation for using short-circuit current as a photodetection
parameter in this thesis. Building on this basic knowledge, the following two chapters
will investigate the coupling effect of concentric MIS(p) TDs and their applications in

photodetection.

12
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(a) (b)

B a s

Y\ |
Fig. 1-1. The schematic cross sections of MIS(p) TD structures for (a) CP-OX and (b)
ER-OX.

[ 1] (A)

I L
15 -0 05 0.0 0.5 1.0 1.5
(V)

Fig. 1-2. Typical I-V curves of MIS(p) TDs with CP-OX and ER-OX. The directions of
the current flow are marked as (+)(-). The thickness of the oxide layer for both devices is

about 2.4 nm.

13
doi: 10.6342/NTU20230077



s

h 1P

x .

Thin oxide Thick oxide Thin oxide Thick oxide

1 0'3 J=JQ+Jh
10-4 anl{:vu.\']

—~ 5 D> D
<10 3,<J,
Emﬁ
810*
010°®

10°

—_—2.1nm

e 2 15 N

— 2.2 nm

10710 e 2 25 NMY
10" 2.3 Nnm
2101 2 210 1 2

(a)

Gate Voltage (V) (b) Gate Voltage (V)

Fig. 1-3. I-V curves of MIS(p) TDs with various oxide thicknesses for (a) CP-OX and (b)

ER-OX. The top insets are the band diagrams of the device edge for both categories. The

reverse saturation current increases with oxide thickness for CP-OX due to Schottky bar-

rier height modulation, but is independent of oxide thickness for ER-OX due to the edge

leakage paths [9].
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V>0V

(a) (b)

Fig. 1-4. Schematic of the fringe fields for (a) CP-OX and (b) ER-OX under positive bias.
The light orange regions represent the depletion regions. The fringing field is indicated
by the red arrow. In the CP-OX case, the electric field extends outward, while in the ER-

OX case, the electric field is larger but narrower.
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Fig. 1-5. I-V curves of MIS(p) TDs (a) with and (b) without the neighboring outer gate. It
is demonstrated that with a neighboring outer gate, photo response can be effectively en-

hanced by the proper gate bias [13].
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Fig. 1-6. Open-circuit voltage with different inner gate biases under varying light inten-
sities. It demonstrated the non-linear response between Vo and @.
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Fig. 1-7. I-V curves of MIS(p) TDs with CP-OX and ER-OX under varying light intensi-
ties. Inner center is referred to as the drain, while outer rings are represented by Gi and
G2, with the numbers indicating the number of rings. It is shown that the light-to-dark

current ratio in the case of ER-OX is larger than in the case of CP-OX due to lower reverse

saturation current [ 16].
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2-1 Introduction

In Chapter 1, the electrical characteristics of two MIS structures, CP-OX and ER-
OX, are compared, and the applications of MIS TDs proposed in the past for light sensing
are discussed. One of these applications, the concentric MIS tunnel photodiodes, was
found to exhibit higher photosensitivity due to the coupling effect between neighboring
electrodes [13]. Furthermore, photosensitivity can be further enhanced by applying an
appropriate bias to the neighboring gate. Since gate control is identified as a critical issue
in concentric devices, this chapter will focus on the coupling effect in two different cate-
gories of MIS tunnel diodes with varying gate biases and discuss the mechanisms behind
the resulting coupling effects.
2-2 Experimental

The substrate used was a boron-doped p-type silicon wafer with a resistivity of 1-10
Q-cm. Surface impurities and native oxide on the surface were eliminated through a
Standard Radio Corporation of America (RCA) clean. An ultra-thin silicon dioxide layer
with different thicknesses was grown on the tilted wafer by anodization (ANO) system in
deionized water at room temperature with a DC voltage of 15 V for 8 minutes. To mini-
mize interface defects, a rapid thermal process was carried out in 20-torr N2> ambient at
950 °C for 15 seconds after the growth of the silicon dioxide layer. A 200-nm thick layer

of Al was deposited on top of the oxide layer through thermal evaporation. Then,
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photolithography and wet etching process were carried out to define the electrodes. There
are two kinds of device patterns, i.e., single ring and concentric device with an outer ring
and inner circle. The inner circle's radius and the outer ring's width are 85 pm and 485
um, respectively, and the separation between the two electrodes is 30 um. Their patterns
are shown in Figs. 2-1(a) and (b). Next, to form ER-OX, the wafer was dipped into buff-
ered oxide etchant (BOE) to remove the edge oxide. However, for CP-OX, this step was
skipped. Finally, after removing the photoresist, the native oxide on the back of the wafer
was eliminated by BOE, and a 200-nm thick Al was deposited on the back side as the
back contact. The cross-sectional diagrams of MIS(p) TDs with CP-OX are shown in Figs.
2-1(c) and (d), and MIS(p) TDs with ER-OX are shown in Figs. 2-1(e) and (f). The elec-
trical characteristics of these structures were all measured by Agilent BIS00A.
2-3 Results and Discussion

All devices mentioned in this section have an oxide layer thickness (dox) of approx-
imately 2.4 nm.
2-3-1 Analysis of Coupling Effect by Short Circuit Current

In general, when a device is biased at 0 V, the current, i.e., short-circuit current (Isc),
is very weak in the dark. Therefore, we analyzed the coupling effect of the concentric
device by observing the outer ring short-circuit current variation concerning the effect of

inner gate bias. Figs. 2-2(a) and (b) show the I~V curves of the CP-OX and ER-OX ring
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devices under three conditions: no gate, 0.4 V gate bias, and —0.4 V gate bias in the dark.
In the case of CP-OX (Fig. 2-2(a)), the ring device without a gate has a negligible short-
circuit current, which is consistent with what was stated in the beginning. However, for
the ring device with a gate bias of 0.4 V, the short-circuit current is negative, while for -
0.4V, it is positive. Apparently, when a concentric inner gate is added inside the outer
ring, the short-circuit current of the outer ring will have different current behavior under
different gate biases due to the coupling effect between two neighboring electrodes. Turn-
ing to the case of ER-OX (Fig. 2-2(b)), the ring device without a gate and with a gate bias
of -0.4 V exhibits similar short-circuit current behavior to CP-OX, but the short-circuit
current is still close to zero at 0.4 V. Obviously, the two MIS TDs with different structures
also have different coupling mechanisms. To clarify the coupling effect, the following
two subsections will analyze the current at each terminal of the concentric devices.
2-3-2 Co-Planar Oxide

Fig. 2-3(a) demonstrates the current curves for the three terminals of the concentric
device with CP-OX. The back electrode and the outer ring are biased at 0 V, allowing for
short-circuit operation, and the inner gate bias is swept from -1.5 Vto 1.5 V. It is observed
that when the inner gate is negatively biased, the short-circuit current of the outer ring is
not weak. Fig. 2-3(b) illustrates that a great amount of electrons tunnel from the metal to

the substrate when Vg < Veg (about -0.9 V). Although most of the electron flow toward
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the back electrode, a small amount diffuses toward the neighboring outer ring owing to

the concentration gradient. The insets of schematic electron concentration (n¢) versus dis-

tance (x) between the inner gate and outer ring are also depicted in Fig. 2-3(b).

When the gate bias exceeds the flat-band voltage (-0.9 V < Vg <0 V), the number of

tunneling electrons decreases, as depicted in Fig. 2-3(c). Furthermore, due to the reversal

of the electric field direction at the Si/SiO; interface, some inversion electrons tunnel

toward the metal gate. With a reduction in the number of electrons under the inner gate,

the slope of the electron concentration gradient also decreases, as illustrated in the insets

of Fig. 2-3(c). Notably, the vertical electric field between the inner gate and back electrode

diminishes, allowing the lateral fringing field under the outer ring to compete with the

vertical electric field for electrons. This implies that, when the vertical electric field is

weaker than the lateral fringing field, a greater number of electrons flow from the inner

gate to the outer ring. As a result, in this region, the coupling effect between the outer ring

and the inner gate is caused not only by the diffusion current but also by the fringe field.

Fig. 2-3(d) depicts the case in which the gate bias is positive (¥ > 0 V). The high

tunneling rate of the ultra-thin oxide prevents the electrons from accumulating in the in-

version layer, resulting in the widening of the depletion region and outward extension of

the fringing field. Moreover, the lateral fringing field causes the hole current of the inner

gate to couple with the outer ring, leading to a negative short-circuit current of the outer

25
doi: 10.6342/NTU20230077



ring in the deep depletion region. The curve of short-circuit current merges with the curve
of gate current, as shown in region 3 of Fig. 2-3(a).
2-3-3 Edge-Removed Oxide

Fig. 2-4(a) demonstrates the current curves for the three terminals of the concentric
device with ER-OX. The back electrode and the outer ring are biased at 0 V, allowing for
short-circuit operation, and the inner gate bias is swept from -1.5 V to 1.5 V. It is observed
that when VG < Vrg (about -0.9 V) the current behavior is similar to CP-OX. Fig. 2-4(b)
also illustrates the same situation with the CP-OX case. The coupling effect between the
inner gate and outer ring is dominated by the electrons concentration gradient which is
shown in the insets of Fig. 2-4(b).

Fig. 2-4(c) shows the case where the gate voltage is between the flat-band voltage
and 0 V (-0.9 V < Vg < 0 V). Due to the narrower fringe field beneath the outer ring, it
cannot compete with the vertical electric field between the inner gate and back electrode
for electrons. As a result, most of the electrons flow toward the back electrode, and only
a small number of electrons below the inner gate are influenced by the concentration gra-
dient and flow toward the outer ring. The schematic electron concentration gradient insets
are also shown in Fig. 2-4(c). In this region, the coupling effect between the outer ring
and the inner gate is only caused by the electron concentration gradient, which differs

from the CP-OX case.
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Fig. 2-4(d) demonstrates a significant difference in the case of a positive bias applied
to the inner gate (Vg > 0 V) compared to the CP-OX case. Due to the positive bias applied
to the inner gate, there is a lack of a large number of tunneling electrons to form a diffu-
sion current, and due to the narrower fringing field distribution, the current cannot flow
toward the outer ring through the fringe field as in the case of CP-OX. Therefore, as
shown in Fig. 2-4(a), the short-circuit current of the outer ring is almost negligible in the
deep depletion region, indicating that there is no coupling effect.

2-4 Summary

In this chapter, we analyze the concentric MIS TDs coupling effect by inner gate
biasing and outer ring short-circuit operation. The results of two categories (CP-OX/ER-
OX) are compared and the dominant factors in the coupling effect are discussed. The
diffusion current dominates in the accumulation region, while the fringing field dominates
in the deep depletion region. The distribution of fringe fields is responsible for the signif-
icant difference in the coupling effect of neighboring electrodes between the case of CP-
OX and ER-OX. In the deep depletion region, the short-circuit current of the CP-OX outer
ring is negative due to the lateral stretch-out fringing field. However, the short-circuit
current of the ER-OX outer ring is near zero because the narrower fringing field results

in no coupling effect between the inner gate and the outer ring.
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(b)

Single MIS(p) TD Concentric MIS(p) TD
CP-OX CP-OX

(d)

Single MIS(p) TD Concentric MIS(p) TD
ER-OX ER-OX

(e) (D

Fig. 2-1. The schematic diagrams of the top view for (a) single MIS(p) TD and (b) con-
centric MIS(p) TD. The corresponding cross-sectional schematic diagrams of MIS(p)
TDs with CP-OX are shown in (¢) and (d), and ER-OX in (e) and (f), respectively.
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The directions of the current flow are marked as (+)(-). Isc without a gate is near zero,
and /sc with -0.4 V gate bias is positive due to the coupling effect. Notably, when using a
gate bias of 0.4 V, Isc is negative for the CP-OX device, but almost zero for the ER-OX

device. The results suggest that the coupling effects of each concentric device operate
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Fig. 2-3. (a) The current at three terminals of the CP-OX concentric device versus the
inner gate voltage. The directions of the current flow are marked (+)(-) by the correspond-
ing color. The inset defines the current directions at the three terminals. Schematic dia-
grams of the coupling mechanism of concentric device under (b) Region 1: VG < Ve, (c)
Region 2: 0 V> Vg > Vg, and (d) Region 3: Vg > 0 V. The depletion regions are depicted
in light orange, fringing fields are represented by red arrows, and electrons are depicted
in green circles. The green and blue arrows represent the electron and hole currents, re-

spectively.
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(d) | Region3

Fig. 2-4. (a) The current at three terminals of the ER-OX concentric device versus the
inner gate voltage. The directions of the current flow are marked (+)(-) by the correspond-
ing color. The inset defines the current directions at the three terminals. Schematic dia-
grams of the coupling mechanism of concentric device under (b) Region 1: VG < Ve, (c)
Region 2: 0 V> Vg > Vg, and (d) Region 3: Vg > 0 V. The depletion regions are depicted
in light orange, fringing fields are represented by red arrows, and electrons are depicted
in green circles. The green and blue arrows represent the electron and hole currents, re-

spectively.
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3-1 Introduction

In the previous chapter, we analyzed two categories of concentric MIS(p) TD by
short-circuit current and observed that under positive inner gate bias, the short-circuit
current of the CP-OX outer ring device is negative, while that of the ER-OX outer ring
device is close to zero. This chapter introduced the photo sensing behavior and perfor-
mance of MIS(p) TDs. We compared two categories of single MIS(p) TDs to concentric
MIS(p) TDs that operate with inner gate bias and outer ring short-circuit, exploring their
respective advantages and phenomena. Finally, in addition to the short-circuit operation,
we also introduced a special operation of the floating substrate and its characteristics.

In this work, we used a white light-emitting diode as the light source for ambient

light sensing. The light intensity was measured by TA8131 digital light meter.

3-2 Short-Circuit Operation of Co-Planar Oxide De-

vices

In this section, all mentioned devices are MIS(p) TDs with CP-OX and an oxide
thickness (dox) of approximately 2.4 nm.
3-2-1 Current Polarity Changeable

Fig. 3-1(a) shows the short-circuit current curves of the outer ring while sweeping
the inner gate bias from -1.5 V to 1.5 V under varying light intensities. Due to the photo-

voltaic effect, an additional photocurrent is generated, resulting in an increase in the short-
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circuit current of the outer ring from negative to positive with increasing light intensity
under the positive inner gate bias. To describe this phenomenon more clearly, the short-
circuit current of the outer ring was measured when it switched between light and dark
per second, and the resulting data were plotted in Figs. 3-1(b) and (c). Fig. 3-1(b) shows
the case of Vo =0V, where Isc increases from near zero, similar to the single device. Fig.
3-1(c) shows the case of Vg = 0.4 V, where Isc can increase from negative to positive.
This is a great advantage for photodetection. Different inner gate biases can detect differ-
ent degrees of light intensity switching from negative to positive.

Fig. 3-2(a) shows the Isc sensing results obtained from different inner gate biases.
The light intensity threshold (@) of the current polarity changes at different gate biases
is shown in Fig. 3-2(b). The threshold for each gate bias is predicted from the linear rela-
tionship in Fig. 3-2(a). Take VG =0.4 V as an example, referring to Fig. 3-2(a), a negative
current is detected in the dark, whereas a positive current is observed at a light intensity
of approximately 140 lux. This allows easy discrimination of light intensities above a
specific threshold. Moreover, weak light can also be detected by using a smaller inner
gate bias.
3-2-2 Linear Photodetectivity

The relationship between the short-circuit current and light intensity at different in-

ner gate biases is shown in Fig. 3-2(a). The linear relationship appears above 100 lux, and

37
doi: 10.6342/NTU20230077



all the coefficients of determination between the data and the linear fitting curves are
greater than 0.998. The slope representing sensitivity in this range indicates good respon-
sivity and linearity. Therefore, our device has good potential for photosensitivity.

Notably, the sensing results of concentric devices at higher gate voltages exhibited
significant variation compared to that of single devices under weak light conditions. Fig.
3-3 can further explain this phenomenon, where the outer ring remains at 0 V and a pos-
itive inner gate bias is applied. The depletion region in the dark is identified as the light
orange region. However, when exposed to light, the generation of electron-hole pairs in-
troduces additional carriers to the depletion region, causing it to shrink [15], which is
marked as yellow dashed lines. When the depletion width reduces, the coupling effect
weakens because the fringing field also decreases. Therefore, in addition to the photogen-
erated current of the ring device, the responsivity of the concentric device is enhanced
under weak light due to the synergistic effect caused by the weakened coupling of inner
gates. However, as the coupling effect decreases with increasing light intensity, the pho-
togenerated current dominates the responsivity. This indicates that the short-circuit cur-
rent is proportional to the light intensity.
3-2-3 Power Consumption

Due to the short-circuit operation, power (P) is only generated from the inner gate,

and can be calculated by multiplying the gate voltage (V) by the gate current (/g):
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P=V;xI; (3-1)

Fig. 3-4(a) illustrates the Ig-V curves with outer ring short-circuit operation under
varying light intensities. Due to the coupling effect of the outer ring to the inner gate, the
current only shows a small increase under illumination [14]. Hence, utilizing the inner
center as a gate can result in lower power consumption. Fig. 3-4(b) shows the power
consumption calculated by Eq. ( 3-1) based on the data extracted from Fig. 3-4(a) at dif-
ferent gate biases. Due to the short-circuit operation, the power consumption is reduced
compared to the conventional deep depletion current-sensing method [14]. The power

consumption is below 100 nW in this work.

3-3 Short-Circuit Operation of Edge-Removed Oxide
Devices

In this section, all mentioned devices are MIS(p) TDs with ER-OX.
3-3-1 Negligible Dark Current

In this subsection, the oxide layer thickness (dox) of the devices is approximately 2.4
nm. Fig. 3-5 shows the short-circuit current curves of the outer ring while sweeping the
inner gate bias from -1.5 V to 1.5 V under varying light intensities. As the positive inner
gate bias continues to increase, the short-circuit current of the outer ring remains almost
constant due to the absence of a coupling effect in this region, as described in Section 2-

3-3. This indicates that the current behavior is similar to that of a single device regardless
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of the inner gate bias. Fig. 3-6 shows the short-circuit current of the concentric outer ring
under different inner gate biases, as well as a comparison to the single ring device.
3-3-2 Substrate Current Depending on Device Size

Although the short-circuit current of the outer ring with inner gate bias of the con-
centric device behaves similarly to that of the single device, we observed an interesting
phenomenon due to the negligible dark current of the outer ring short-circuit operation.
The devices mentioned in this subsection have an oxide layer thickness (dox) of approxi-
mately 2.3 nm. Fig. 3-7(a) shows that in the dark condition, the current measured in the
substrate of the concentric device is mainly attributed to the inner gate current because
the outer ring is at zero bias and no current will flow to the substrate at this time. Fig.
3-7(b) shows that in the presence of light, both the inner gate and the outer ring have
additional photocurrent flowing to the substrate due to the photovoltaic effect, and the
current measured is primarily influenced by the outer ring. This phenomenon shows that
a concentric device has a better light-to-dark current ratio than a positively biased single
device. In single devices, the photocurrent and dark current are positively correlated with
their size, meaning that while larger sizes generate higher photocurrent, they also produce
higher dark current. By utilizing the concentric device, where the outer ring and substrate
are both biased at 0 V, we can obtain higher photocurrent and lower dark current by meas-

uring the substrate current.
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To express this device size-dependent phenomenon more clearly, Fig. 3-8 and Fig.
3-9 demonstrate the substrate current versus inner gate voltage curves for concentric de-
vices of different sizes. Fig. 3-8(a) shows the Lsubstrate-¥VG curves for four different inner
gate radii, with the outer radius of the outer ring fixed at 600 um. It is observed that the
photocurrents of the four curves in the positive bias region almost overlap, indicating that
the outer perimeter of the outer ring dominates the photocurrent of the concentric device.
Moreover, we divided the current shown in Fig. 3-8(a) by the respective perimeter of the
inner gate and the results are shown in Fig. 3-8(b). It is found that the dark currents of the
four curves in the positive bias region coincide, indicating that the perimeter of the inner
gate dominates the dark current of the concentric device. In addition, Fig. 3-9(a) also
shows the Lubstrate- VG curves for three different outer ring radii with the inner gate radius
fixed at 85 pm. It is found that the dark currents of the four curves in the positive bias
region coincide. Similarly, the current shown in Fig. 3-9(a) was divided by the respective
outer perimeter of the outer ring and the results are shown in Fig. 3-9(b). It is observed
that the photocurrents of the three curves in the positive bias region almost overlap. These
results are consistent with Fig. 3-8.
3-4 Substrate Floating Operation

This section introduces a special operation mode of concentric devices with an oxide

layer thickness (dox) of approximately 2.3 nm. In this mode, the substrate is floating, the
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inner center is grounded, and the outer ring is swept from -1.5 V to 1.5 V. This method

produced an interesting phenomenon that was observed in the CP-OX and ER-OX struc-

tures, as shown in Fig. 3-10(a) and Fig. 3-12(a), respectively. The current exhibited a

saturated low value in both the negative and positive voltage regions.

In order to explain this phenomenon, we compared them to the general measurement

method, in which the /-V curves are measured with the grounded substrate. Fig. 3-10(b)

and Fig. 3-12(b) show the outer ring current curves of CP-OX and ER-OX, respectively,

with both the inner center and substrate grounded, and the outer ring voltage swept from

-1.5 V to 1.5 V under varying light intensities. Fig. 3-10(c) and Fig. 3-12(c) show the

inner center current curves of CP-OX and ER-OX, respectively, with both the outer ring

and substrate grounded, and the inner center voltage swept from -1.5 V to 1.5 V under

varying light intensities.

It is worth noting that the outer ring current value under positive outer ring voltage

in the case of the floating substrate is similar to that in the case of the grounded substrate,

as shown in Fig. 3-11(a) for CP-OX and Fig. 3-13(a) for ER-OX. However, the outer ring

current value under negative outer ring voltage in the case of the floating substrate is

similar to the inner center current value in the case of the grounded substrate, grounded

outer ring, and positively biased inner center, as shown in Fig. 3-11(b) for CP-OX and

Fig. 3-13(b) for ER-OX. The reasons for this phenomenon will be explained in the
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following paragraphs.

When the substrate is floating, no current flows through it. However, by applying a

bias voltage to one MIS(p) TD while grounding the neighboring one, the floating sub-

strate can detect an induced voltage signal, preventing any leakage current from passing

through it. Fig. 3-14 shows the induced voltage of the floating substrate of CP-OX and

ER-OX under varying light intensities in the outer ring voltage range of -1.5 Vto 1.5 V.

The results show that the substrate-induced voltage closely matches the outer ring voltage

when the outer ring voltage is negative. However, with a positive outer ring voltage, the

substrate-induced voltage only slightly increases. This is because a positive outer ring

bias voltage robs electrons in the substrate, inducing a positive voltage and making the

inner center a negative potential relative to the substrate. For MIS(p) TD at negative bias,

a small negative voltage is sufficient to generate a current that corresponds to the saturated

current under positive bias, thereby achieving equilibrium. Similarly, when the outer ring

is negatively biased, the substrate obtains electrons, inducing a negative voltage and mak-

ing the inner center a positive potential relative to the substrate. To achieve a consistent

amount of current flow between the outer ring and the inner center, only a small negative

voltage difference between the outer ring and the substrate is needed to generate the same

amount of saturation current as a positive voltage difference between the inner center and

the substrate.

43
doi: 10.6342/NTU20230077



When the light is illuminated, an additional current is generated due to the photovol-
taic effect, so the induced voltage of the substrate changes as shown in Fig. 3-14, and the
I-V curve will not shift to the left like the case where the substrate is grounded. Therefore,
by this operation, it can be used to detect the light intensity in both positive bias and
negative bias. Moreover, compared with CP-OX and ER-OX, the light-to-dark current
ratio of ER-OX is better because it has a lower dark current and no coupling effect.

3-5 Summary

In the beginning of this chapter, we present the advantages of two categories of con-
centric MIS(p) TDs in light sensing with inner gate bias and outer ring short-circuit oper-
ation. Different categories of MIS(p) TDs exhibit different phenomena and applications.

For the case of MIS(p) TDs with CP-OX, the coupling effect of different gate biases
can help to easily distinguish light intensities above a specific threshold, which means
different degrees of light intensity switching from negative to positive can be detected by
adjusting the gate bias voltage, while the linear photodetectivity can ensure reliable meas-
urement of light signals. Moreover, this approach also leads to low power consumption.

For the case of MIS(p) TDs with ER-OX, the substrate current detection shows that
the dark current is proportional to the perimeter of the inner gate, while the photocurrent
is proportional to the outer perimeter of the outer ring. As a result, a better light-to-dark

current ratio can be obtained by adjusting the size of the inner gate and the outer ring.
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At the end of this chapter, we introduce the light-sensing advantages of concentric

MIS(p) TDs under floating substrate operation. In this way, photodetection can be oper-

ated under negative bias as well as positive bias.
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Fig. 3-1. (a) The short-circuit current of the CP-OX outer ring versus the inner gate volt-

age and the /-f diagrams switching between light and dark conditions per second at (b)

Vo=0V and (c) Vg = 0.4 V under varying light intensities.
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100 lux. The slope of the fitted curve is also indicated. (b) Light intensity threshold (®wm)

for current polarity changes under different inner gate biases (7). The thresholds for each

bias were predicted from linear relationships.
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Fig. 3-3. Schematic diagram of the fringing field under illumination. The fringing fields
are indicated by red arrows. The yellow circles represent the additional photogenerated
electrons. The light orange area indicates the depletion region in the dark, while the
dashed yellow line indicates the depletion region boundary that contracts inward under

illumination.
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Fig. 3-4. (a) Ig-V curves with the CP-OX outer ring biased at 0 V under varying light

intensities. (b) Power consumption at different gate biases obtained from (a).
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The photocurrents of the four curves in the positive bias region almost overlap. (b) Sub-

strate current shown in (a) divided by the perimeter of the corresponding inner gate versus

inner gate voltage. The dark currents of the four curves in the positive bias region coincide.
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Fig. 3-10. (a) Iring-Vring curves of substrate floating and inner center grounded, (b) /Iring-
VRing curves of substrate and inner center both grounded, and (c) Icenter-Vcenter curves of
substrate and outer ring both grounded under varying light intensities for CP-OX. The
saturation current value in the positive voltage region of graph (a) is consistent with that
of graph (b), while the saturation current value in the negative voltage region of graph (a)

1s consistent with that in the positive voltage region of graph (c).
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Fig. 3-11. (a) Overlay of Figs. 3-10(a) and (b). (b) Overlay of Figs. 3-10(a) and (c).
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Fig. 3-12. (a) Iring-Vring curves of substrate floating and inner center grounded, (b) /Ring-
VRing curves of substrate and inner center both grounded, and (¢) Icenter-Vcenter curves of
substrate and outer ring both grounded under varying light intensities for ER-OX. The
saturation current value in the positive voltage region of graph (a) is consistent with that
of graph (b), while the saturation current value in the negative voltage region of graph (a)

is consistent with that in the positive voltage region of graph (c).
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Fig. 3-13. (a) Overlay of Figs. 3-12(a) and (b). (b) Overlay of Figs. 3-12(a) and (c¢).
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light intensity of 300 lux.
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4-1 Conclusion

The thesis investigated the coupling effect between neighboring electrodes in con-
centric MIS(p) TDs and explored the potential of utilizing concentric MIS(p) TDs with
CP-OX and MIS(p) TDs with ER-OX for photo sensing applications.

In Chapter 2, the coupling effect of the two categories of concentric MIS(p) TD was
analyzed through the short-circuit current characteristics that should be close to zero in
the dark. When the short-circuit current is not close to zero, it means that the device is
affected by external factors. Our investigation found that applying a positive bias to the
inner gate leads to a wide lateral fringe field distribution of the inner gate in the CP-OX
case. As aresult, the inner gate current flows towards the outer ring, resulting in a negative
short-circuit current in the neighboring outer ring. However, in the ER-OX case, the outer
ring is not affected by the neighboring inner gate due to its narrow lateral fringe field
distribution, which keeps the short-circuit current of the sensing electrodes close to zero.

As we learned in Chapter 1, short-circuit current measurement can maintain photo
sensing linearity, and adding a neighboring gate can enhance photosensitivity. Therefore,
Chapter 3 focused on the applications and phenomena of two categories of concentric
MIS(p) TD short-circuit operations in photo sensing. Applying a positive bias to the inner
gate and short-circuiting the outer ring with the substrate enables the concentric

MIS(p)TD with CP-OX to exhibit good linearity for photodetection. Moreover, due to the
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coupling effect, it is possible to detect varying degrees of light intensity switching from

negative to positive by adjusting the inner gate bias voltage.

In contrast, the concentric MIS(p) TD with ER-OX does not have a coupling mech-

anism when a positive inner gate bias is applied, resulting in similar performance as a

single device during short-circuit operation. However, we still found a unique phenome-

non. MIS(p) TD with ER-OX has no current flowing to the substrate due to the bias volt-

age of the outer ring being zero in the dark. As a result, the inner gate dominates the

substrate current under this condition. When the light is illuminated, the photovoltaic ef-

fect generated additional photocurrent flows to the substrate from both the outer ring and

inner gate. Consequently, the substrate current became the sum of the currents flowing

through the two electrodes. In this way, we have obtained a better light-to-dark current

ratio than a single device measured under positive bias.

In addition to the measurement of short-circuit current, an interesting measurement

method was also proposed. We float the substrate, ground the inner center, and bias the

outer ring. The concentric MIS(p) TDs can perform photo sensing in both negative and

positive biases.

Through the analysis of the above applications and phenomena, it is believed that

the results presented in this thesis and the proposed mechanism are crucial to the devel-

opment of photo sensing.
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4-2 Future Work
4-2-1 Experimental Limits

The experiment’s LED light source had limited intensity, which prevented the study
of situations greater than 500 lux. Future work will focus on studying the saturation limit
of our photodetector.
4-2-2 Effect of Device Size

When the concentric device is illuminated, most of the charges are captured by the
outer edge of the outer ring (sensor) through the fringe field [22]. This means that the
larger the outer perimeter of the outer ring, the stronger the photovoltaic effect, and the
greater the additional photocurrent generated. Since the outer perimeter of the outer ring
dominates the photovoltaic effect, adjusting the size of the inner center does not impact
the photovoltaic effect of the outer ring. However, reducing the size of the inner circle
weakens the coupling effect of concentric MIS(p) TDs with CP-OX. As explained in Sec-
tion 3-2-2, a weaker gate coupling effect implies that the gate has a reduced impact on
sensor linearity distortion, resulting in the sensor current changing more similarly to that
of'a single device. Consequently, the performance may exhibit improved linearity in weak
light. In addition, the separation between the two electrodes is also a crucial factor that
affects the coupling effect [13]. As the gap distance between the two electrodes increases,

the coupling effect weakens. Therefore, to widen the linearity range and maintain the
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characteristics of positive and negative switching that identify light intensity due to the
coupling effect, it may be worthwhile in future studies to experiment with increasing the
gap distance between the two electrodes and reducing the size of the inner gate in con-
centric MIS(p) TDs with CP-OX.
4-2-3 Effect of Gap Oxide Thickness

We investigate the effect of the oxide layer thickness between two neighboring elec-
trodes on the MIS(p) TD, which has not been studied in the past. Fig. 4-1 shows the I-V
curves of single center devices, single ring devices, and concentric devices with varying
gap oxide thicknesses (dox(g))- Figs. 4-1(a) and (c) correspond to MIS(p) TDs with ER-
OX and MIS(p) TDs with CP-OX, respectively, as described in previous chapters. Fig.
4-1(b) shows the results after etching the SiO; in the gap followed by 3 minutes of ano-
dization, resulting in a thinner SiO> layer growing in the gap. Fig. 4-1(d) shows the results
after etching the Al in the gap followed by 3 minutes of anodization, leading to a thicker
Si0; layer growing in the gap. The insets in the four figures are schematic diagrams of
their structures. The results show that Figs. 4-1(a) and (b) exhibit similar behavior. The
current curve of the inner center of the concentric device in the positive bias region is
similar to that of the single center device, indicating no coupling effect. In contrast, for
Fig. 4-1(c), the current curve of the inner center of the concentric device in the positive

bias region is similar to that of the single ring device, implying a coupling effect between
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the inner center and the outer ring. Notably, the inner center current curve of the concen-

tric device in the positive bias region in Fig. 4-1(d) falls between that of the single center

and the single ring device. This observation suggests that the thickness of the raised gap

oxide could alter the lateral fringe field distribution and weaken the coupling effect be-

tween the two electrodes. The reason behind these results requires further investigation

in the future. Furthermore, the potential impact and application of this structure, which

weakens the coupling effect, in light sensing or other aspects can be further analyzed in

detail.
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Fig. 4-1. I-V curves of concentric center, single center, single ring MIS(p) TDs with dif-

ferent gap oxide thickness. The four graphs are (a) edge-removed oxide (ER-OX), (b)

thinner gap oxide, (c) co-planar oxide (CP-OX), and (d) thicker gap oxide. The insets are

schematic diagrams of the structure.
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