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Abstract

This thesis study and analyze the effect of X-ray irradiation. on the electrical
properties of P-N diode. The X-rays are use in this thesis various energies and times. The
energy of X-rays are various from 40 to 70 keV, times 5, 55 and 205 sec. The P-N diode are
fabrication by using CMOS technology at TMEC on n-type silicon, resistivity 120-135 ohm-cm.
The device are measurement /-V and C-V characteristics by using a HP4156B. The IV
characteristic results were measured on the wafer with a bias step of 25 mV from the
reverse (Vg) to forward (V,) voltage, in the range of -10 to +1 V. The reverse and forward
current before and after irradiation can be explained relative to the following parameters:

carrier generation lifetime (z,), Carrier recombination lifetime (7, ), activation energy (E,),

ideality factor (n), series resistance (R;), carrier concentration (N), and depletion width (w).
After irradiation at 40 and 55 keV, a small increase in the diode leakage current was seen,
while at 70 keV of exposure, the leakage current was slightly decreased. On the other hand,
the forward current was dramatically increase by about three orders of magnitude. -V
characteristics of the diodes with different doses, where the leakage current versus voltage
before and after X-ray irradiation at 40 keV and 55 keV slightly increases with the increasing
dose. This result clearly shows the impact of the X-ray irradiation at a higher reverse bias in
the case of the 70 keV exposed energy, where the leakage current after exposure is slightly
decrease. The change in the leakage current depends on carrier generation lifetime and
diffusion current. The carrier generation lifetime and diffusion current is changed after

irradiated by X-ray. In out former work, a longer operation lifetime was achieved for lower



dose operation. This can also be due to defects annealed by the X-ray . For the prolonging
diode lifetime, the longer exposure after a typical sensing operation may be a concern.

The forward bias characteristics of the P-N junction diode after irradiation is increased
about three orders of magnitude. The change in the forward current seems to be caused by
a series resistance reduction that affects the ideality factor of the diode. The series
resistance of diodes after irradiation are decreased from kQ to Q. Soft X-ray annealing
method can use for improve the performance of device base on silicon for laboratory and

semiconductor industry.
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implemented a long time, it has a limited such as period of journey and radiation
damage to the device. The period times of the satellite are study of the energy and
the speed of machine, while the other hand, the radiation damage is an important
case because the satellite cannot to arrive in planet when the devices have damage.
Moreover, the radiations are used in many works such as agricutture [9], medical [10],
automobile [11], and construction [12] etc. Many kinds of rays are used, for example,
proton [13-15], neutron [16-19], electron [20-23], and X-ray [24, 25). The effect of

radiation are difference effect on the electrical properties because the difference of

energy.

1.1.1 Proton radiation

Proton radiation have high energy about more 1 MeV, many papers present
the effect of proton to the electrical properties of the device base on silicon
substrate. The examples papers are study the effects of proton radiation as shown

- 2011, Amporn Poyai - [IMEC, Belgium] this paper study the effect of high
energy proton about 20 MeV compare the shape of device between square and

meander.
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Fig. 1.3 The I-V characteristics of n+—p diode before and after irradiation by proton.



The current-voltage characteristics (--V) are shown in Fig. 1.3 From this figure the
leakage current after irradiation are increase about 2 to 3 orders and the forward
current are decrease about 1 order. From the result shows that the proton radiations
are damage in the device mechanism, therefore, the device performances are
degradation. The leakage current are increase after high energy proton irradiation
have many problems such as the radiation are induced trapping center in silicon bulk
while the carrier are recombination before move to contact, the defects are decrease
generation lifetime of carrier. The forward current term decrease about 1 order is
cause from the proton radiation, the recombination lifetime and series resistance aré
important parameters to change the forward bias characteristics. In this paper are not

to study the parameter of the device [26].

- 2006, Richard D. - [Analex Coporation, USA] the paper present effects of

proton irradiation on Schottky diode. The |-V characteristics are shown in Fig. 1.4 and

1.5.
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Fig. 1.4 The forward bias I-V characteristics of Schottky diode for representative 203

MeV proton irradiation various fluence.



From Fig. .1.4 the shows the forward bias of Schottky irradiation by high energy
proton at 203 MeV various proton fluence, the forward current decrease when
increase the proton fluence. The reverse current is shown in Fig. 1.5, the leakage
current are decrease at 2 x 10" photon/crhz, on the other hand, the leakage current
are increase at 3.78 x 10" photon/cmz. From the results show that the proton
radiation are effect to the forward and reverse current, the forward current are
decrease after irradiation every fluence while the leakage current decrease at 2 x
1013 photon/cmz. Therefore, the radiation not only decrease the device performance,
on the other hand, it can use for improve the device characteristics at the optimize

fluence [27].
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Fig. 1.5 Reverse bias |-V characteristics for representative 203 MeV proton irradiation.

1.1.2 Electron radiation

Electron radiation are high energy but less than proton radiation, the electron
energy are research in the present use in range about 400 keV to 5 MeV. Many
papers are study the effect of electron radiation on the properties of device because

the radiation come to human life.



- 2006, P. Hazdra - [Department of microelectronics, Czech republic] the
paper of the electron defect in silicon device. The silicon device was irradiated with
600 keV electrons to fluences from 2 x 10" to 1 x 10° cm>. The results of this paper
shows in the vicinity of the anode junction, the profile of vacancy-related defect
centers in strongly influenced by electric field and an excessive generation of
vacancies. In the bulk, the slope of the profile can be derived from the distribution
of absorbed dose taking into the account the threshold energy necessary for Frenkel
pair formation and the dependency of the defect introduction rate on the electron
energy. The C-DLTS spectra in Fig. 1.6 shows a typical series of deep levels in the n-
silicon base of diode irradiated with 600 keV electrons [28].
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Fig. 1.6 The C-DLTS spectra of the silicon diode irradiated with 600 keV electrons.

- 2007, Manjunatha Pattabi — [Mangalore University, India] The paper present,
the current transport mechanisms of n' -p silicon (Si) photo-detectors in different
and bias regions before and after irradiation with a dose of 350 kilo-gray (kGy).

The reverse current after irradiation are increase every temperature shown in

Fig. 1.7. From Fig. 1.7 the reverse current are increase about 20 pA at 370 K. Fig. 1.8



shows C-T variations at 1 MHz of the devices before and after irradiation. there is a

slight deviation from linearity.
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Fig. 1.7 The reverse current-voltage characteristics of Si photodetector at various

temperature (a) unirradiated (b) irradiated with electron of dose 350 kGy.
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Fig. 1.8 The variation of capacitance with temperature of Si photodetector

(a) unirradiated, (b) electron irradiated.

The results of this paper show (i) electron irradiation might not have caused
any major change in the depletion region of the device as generation recombination
part of the dark current is not change due to irradiation and (ii) capacitance-voltage
measurements indicate that considerable numbers of deep levels were not

introduced by irradiation {29].

1.1.3 neutron radiation

- 1989, R. Korde - [United Detector Technology, California] The effect of
neutron irradiation on the silicon photodiode are present in the paper. The silicon
photodiode are being used routinely in military systems in ring laser gyros, fiber
optics, laser range finders, and ocean communication systems. The system of
photodiode are shown in Fig. 1.9.

From Fig. 1.10 shows the forward IV characteristics of photodiode before and
after neutron irradiation. As seen from this figure, neutron exposure increase the
static and dynamic resistance of the diode. The resistance of the diode before and

after irradiated are shown in Fig. 1.11.
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Fig. 1.10 The forward current of photodiode before and after neutron exposure.
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The P-N junction theory as the diode ideality factor (#7) values observed are 1
and 2 for moderate and high currents respectively. The series resistance are increase

from 0.75 to 0.95 ohm after irradiation [30].
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Fig. 1.11 Forward |-V characteristics of photodiode showing series resistance

calculation and change in the diode ideality factor.

- 1996, N. Croitoru - [United Detector Technology, California] Current-voltage
characteristics of neutron irradiated silicon detector are present in this paper. The

devices irradiated by neutron at 10 MeV and flux 6.475 x 10" n/cm’s. On Fig. 1.12
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shows the forward IV characteristics of diode are irradiated by neutron various flux
of radiation, the forward current are decrease when the electron flux increase. This
seems to indicate that, after a strong reduction of ratification of the detector, a new
type of damage is being induced, which does not continue too- much to decrease

the rectification [31].
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Fig. 1.12 [~V characteristics of Si detector, irradiated by neutron at various fluences.

From the papers of proton, electron and neutron present that high energy
radiation are damage in the mechanism of devices such as carrier lifetime and
induced defects, etc. The current after irradiation change in the trend of degradation
performance. Although high energy radiation are impact to the device performance,
on the other hand, the research important because the radiation come in people life
and we have to found way to defend it. X-ray radiation are popular to use in many

work but have a little to research and explain the effect to semiconductor device.
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1.1.4 X-ray radiation
- 1967 and 1969, M. A. Krivov - [Siberian Physic technical Institute, Tomsk
State University] The effect of X-ray studied in the old time shown in Fig. 1.13.
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Fig. 1.13 Reverse branch of the current-voltage characteristics of silicon diode 1)

before irradiation, 2) X-ray radiation for 15 min, 3) 50 min, 4) 100 min, 5) 140 min.

From Fig. 1.13 shows the leakage current after irradiation by X-ray various
times are increase, the leakage current increase when time of exposure increase. Fig.

1.14 shows that the line number 1 is before and 2 is after irradiation, the leakage
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current decrease when the exposure time about 100 min. In this case is very
interesting because the X-ray can reduce the leakage current at the optimize
exposure time. Although, this paper have an interesting point but the research are

not to study continue and do not explain the effect of X-ray to device parameters.
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Fig. 1.14 Dependence of IR for silicon diode on the irradiation time 1) diode held at

reverse voltage, 2) V, applied only for measurement (irradiation by X-ray).

Many papers are present relate the effect of proton, neutron and electron
radiation to semiconductor device. On the other hand, X-ray radiation can improve
the device performance with optimize dose but have a little papers. Therefore, this
thesis study the effects of X-ray radiation to the device properties and find optimize

time and energy to use for improve the device performance [24,32].

1.2 Aim of thesis

One of the primary objective of this work was the study and analysis the
effect of X-ray irradiation on the electrical properties of P-N diode. The radiation are
use in many application, therefore, radiation device require to improve lifetime and

performance. With this goal of mind, the effect of X-ray to P-N diode parameters are
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first studied. The next stage of the study involve the use of X-ray irradiation to

improve performance of the semiconductor device.

1.3 Hypothesis

From the literature papers present that many researcher were studied the
characteristics of device after irradiation because human life are involved with the
radiation. Therefore, the researcher should understand the behavior of the radiation
of semiconductor device to use with human. The goal of this- thesis study and
analyze of the characteristics of P-N diode after X-ray irradiation and find the
optimize of X-ray time and energy to use in semiconductor technology in the present

and future.

1.4 Objective
This thes‘i:s use the X-ray radiation to study on the characteristics of
semiconductor devices. the objective of this thesis consist of
- Study and analysis the effect of X-ray to P-N diode properties.
- Find the way to develop the device to use with X-ray radiation.

- Study the X-ray radiation for improve the P-N diode performance.

1.5 Summary and Layout of thesis

Chapter 1 This chapter relevant literature survey old research to study the
effect of radiation on electrical properties of the semiconductor device and
motivation to study the effect of X-ray radiation on the characteristics of P-N junction
diode.

Chapter 2 This chapter present background and theory of the P-N diode and
research literature of the radiation device such as proton, electron, neutron and X-
ray devices. The technique to analyze of the electrical characteristics of P-N diode
are present in this chapter. The |-V and C-V characteristics are important to study the
X-ray effect on P-N diode properties.

Chapter 3 This chapter description of all the processing steps involved in the
fabrication of the device, the device fabrication in the thesis use CMOS technology at
Thai Microelectronics Center (TMEC). The experiment step of the X-ray irradiation on

the device at various energy and times present in the chapter.
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Chapter 4 This chapter present of experiment results and discussion of this
research. The results show the characteristics of P-N diode before and after
irradiation by X-ray. The IV and C-V characteristics consist of many parameters to
analyze the device properties such as carrier concentration (N), carrier lifetime (1),
activation energy (£,), series resistance (R;), etc.

Chapter 5 The conclusion of the work and a list of suggestions for further

work are presented in this chapter.
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2.1.2.1 Medical work

X-rays refer to radiation, waves or particles that travel through the air like light or
radio signals. X-ray energy is high enough that some radiation penetrate objects (such as
internal organs, body tissues, and clothing) and onto X-ray detectors (such as film or a
detector linked to a computer monitor). In general, objects that are more dense (such as
bones and calcium deposits) absorb more of the radiation from the x-rays and don’t allow
as much to pass through them. These objects leave a different image on the detector than
less dense objects. Specially trained or experienced physicians can read these images to
diagnose medical conditions or injuries.

The most common use of x-rays is in medicine and dentistry. X-rays are used to
examine inside the body to try to see if there is anything abnormal. Broken bones,
cancerous growths, and tooth decay are some of the problems that can be detected by an

X-ray of a person. [38]

2.1.1.2 Agriculture work

As the volume of imported. foods increases and food product safety has become a
major concern, the application of X-ray imaging for agricultural inspection is growing rapidly.
Products such as baby foods are scanned for foreign objects and nuts, grains, and seeds are
screened for size, density, and pest control. Most organic materials do not require high
energy X-ray photons for penetration (<30kV), however, volumes of material often pass
through inspection at a rapid rate. Rad-icon’s standard (non-EV) camera products can be

used at higher frame rates to accommodate volume inspection. [39]

2.1.1.3 Industrial work

Another use of x-rays is in industry. They can be used to detect structural problems
and cracks in metals that cannot be seen from the outside. X-rays are used on commercial
airplanes and bridges to make sure there are no stress fractures or other dangerous cracks in
the material.

That can be seen from the examples of X-ray radiation. Although, X-rays are widely
use in many fields but found that the research and develop of a device are quite a few.
Therefore, this thesis is recognize the important of the study and analysis of X-rays effect on

detector for improve device performance and long lifetime in use. [40]
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2.2 P-N junction diode

P-N junction diode is one of most important junctions in solid-state electronics. The
junction is used as a device in applications such as rectifiers, waveform shapers, variable
capacitors, lasers, detectors, etc. In this thesis studies the effect of X-ray irradiation on the
characterization of P-N junction diode. Before investigate this experiment, we have to study

the general characteristics of P-N diode.

2.2.1 ideal P-N junction diode
P-N junction diodes have three regions (p region, n region and depletion region). The

Fig. 2.4 (a) shows the reverse and forward current density of P-N diode and semi-log shown

in Fig. 2.4(b).
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Fig. 2.4 Ideal |-V characteristics (a) Linear plot (b) Semi-log plot.

2.2.2 P-N junction diode in equilibrium

P-N junctions have 2 types of semiconductors, p- and n-type semiconductor without
forming a junction as shown in Fig. 2.5. The electron affinity ey, defined as the energy
difference between the conduction band and vacuum level, is shown along with the work
function (e®, or e®,,). The work function represents the energy required to remove an
electron from the semiconductor to the “free” vacuum level and is the difference between

the vacuum level and the Fermi level. [41] ¢
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Fig. 2.5 Figure Forming a P-N junction (a) The P-and N-type regions before junction
formation. (b) A schematic of the junction and the band profile showing the vacuum level

and the semiconductor bands.

We have to examine what happens when the P- and N-type materials are made to
form a junction. In the unapplied bias, there is no current in the system and the Fermi level
in uniform throughout the structure. In figure 2.5 (b) we show a schematic of the band
diagram of a P-N junction.
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Majority carries neat the interface on P- and N-side diffuse across the junction, as a
result of the difference in electron and hole densities across the junction. The electrons with
n-type diffuse to the p-side recombine with hole, and holes with p-side which diffuse to the
n-side recombine with electrons. As a result, a region is formed near the junction that has
been depleted of mobile carriers. The electric field exists in depletion region that sweeps

out any electrons and holes that enter the region.

Three regions can be identified as seen in Fig. 2.5 (b):
1) P-type region is neutral and the bands are flat material. The density of acceptors exactly
balances the density of hole.
2) N-type region where again the material is neutral and the density of immobile donors
exactly balances the free electron density. +
3) Around the junction there is depletion region where the bands are bent and a field exists
that sweeps the mobile carriers, living behind negatively charged acceptors in the p-region

and positively charged donors in the n-region.

2.3 Electrical characteristics

The properties of P-N diode are study by the electrical characteristics, the electrical
can be explain many effect in the device such as silicon growth damage, fabrication damage
and every damage from user. The electrical properties of diode have 2 characteristics (or
techniques) which are current-voltage (I-V) and capacitance-voltage (C-V) characteristics.

2.3.1 Current-voltage characteristics (-V)
The current of P-N junction is often written as a function of the diode voltage as

[= Io (qudlnkT _ 1) oD

Where 77 is the diode ideality factor, V, is the voltage across the space-charge region and
excludes any voltage drops across the p and n quasi-neutral regions. If both I, and n are
constant, then a plot of log(/) versus Vy yields a straight line for V. > nkT/q.

Fig. 2.7 shows the reverse current of diode in the case of ideal and real. The reverse
bias in real case has the leakage current more ideal case. The leakage current in real case
occur some defects in the device such as bulk defects and crystal defects.

Fig. 2.6 and 2.7 show a plot of the absolute value of the ideal forward and reverse
current compare with a real. Three effects can cause a deviation in the forward current. At
low forward bias [42], Bl is due to the recombination current in the bulk, [43] B2 caused by
high carrier injection, while the small current at B3 relates to the series resistance [44].
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Form the Fig. 2.6 and 2.7 shows forward and reverse current of diode with difference
bias voltage. Form Fig. 2.7 show the reverse biased junction mechanism of P-N diode, the

leakage current (or reverse currents) is given by

Ly=L+I,+1,

(2.2)
Ig[, = AanWA
T
g (2.3)
I, = AqnS, (2.0)
S
S = L
g -
kT (2.5)

Where I, is the diffusion current, /, is the bulk generation, /i is the surface generation, W, is
the depletion width, S, is the surface generation, S, is the surface recombination, E; is the
energy intrinsic and E,r is the energy level.

The forward current is given by

Io=1+1,+1 (2.6)
ILy=l,p+1, (2.7
I,=I,+1 (2.8)

Where I, is the bulk recombination current, /4 is the peripheral bulk recombination current,
loc is the corner bulk recombination, /s is the surface recombination, /s, is the surface

peripheral recombination current and I is the corner surface recombination current.

2.3.1.1 Activation energy (E,)

The requirements for high-quality silicon substrates are extremely tight with respect
to the control of grown-in or processing induced defect. There may still be a marked effect
of the start material on the electrical characteristics of the device structure, like a
capacitance or a P-N junction. The defects cause to reverse and forward diode
characteristics. For example, the ratio of recombination and generation lifetime yields is

principle the energy level with respect to mid map. Trapping levels (£7) are dominant from
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many cases such as silicon growth process and fabrication process. Trapping level is

dependence of the temperature is given by

E
J - GT3.4+I ex ___&
a4 Y ( kT )

(2.9)

Where G is a constant value, £, is the silicon band gap at 300 K (about 1.12 eV) and i is a
small number (<1) related to the temperature dependence of the minority carrier mobility
and the diffusion length.
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Fig. 2.8 Arrhenius plot of J, verse 1/kT.

In the contrast, assuming E=E/2 [45], the temperature variation of the area

generation component for a R-G energy level in the upper half of the band gap becomes

Jo=Jdg+Jdy,

gnWw

T

Jea

(2.10)

(2.11)
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. _ EI'_El)
ST =T, exp( T

(2.12)
Substituting C into B

qnw' E,
J , =——expl —— (2.13)
& T P kT

Where g is the elementary charge and Y is the small number (<1) to the temperature
dependence of the depletion width.

The effects of the temperature on Er and Ey is clear from Eq. 2.9 and 2.13. The
Arrhenius plot of Jy versus 1/KT can find —KT at lower temperature and -E; at higher
temperature. Form Fig. 2.8 is clear that extraction of £7 from the low temperature part of the
curve is not straightforward and effected by the Jga.

2.3.1.2 Carrier lifetime (7)

We will classify the carrier lifetimes into 2 categories are recombination lifetimes and
generation lifetimes [46]. The recombination lifetime (7,) applies when there are excess
carriers in the semiconductor and recombination dominates. The generation lifetime ( rg)
applies when there is a paucity of carriers, as in the space-charge region (scr) of a reverse-
biased device and the device tries to attain equilibrium. The concept of electron and hole
lifetimes in semiconductor is, in principle, very straightforward. However, in practice there are
generally as many lifetime values for a given device as there are measurement techniques.
While some methods give numerical values that differ little, others differ greatly. A survey of
lifetime measurement technique in 1968 yielded 300 papers published during the period
from 1959 to 1967. Instead of discussing the various lifetimes in general, the concepts of
recombination and generation lifetimes will be discussed, so that all lifetime fall into one or

the other of these two categories.

Recombination lifetime

Recombination lifetime applies when excess carriers, in traduced by light or forward
bias P-N junction shown in Fig. 2.9. The recombination lifetime, 7, can be calculated from
the area diffusion current density (g). Current density can be obtained from the forward |-V
characteristics method or combine the reverse -V and C-V characteristics. From the Eq. 2.14
assume that the current in the lowery doped region dominates Jy, No>>Na and L, = M )

then 7, can calculate from Eq. 2.15
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Fig. 2.9 Recombination mechanisms of diode.

Where u, is the electron mobility, D, is the electron diffusion coefficient, D, is the hole
diffusion coefficient, L, is the diffusion length correspond with an N, is the carrier
concentration of silicon substrate, A is the area of device, n, is the intrinsic carrier
concentration, N, is the acceptor density, Np is the donor density, /p is the leakage current

and I, is the diffusion current.
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Generation lifetime
The generation lifetime, 7, applies when there is a paucity of carriers, as in the SCR

of reverse bias device. The generation lifetime is time that it takes on average to generate
time of the carrier in silicon bulk shown in Fig. 2.10. Thus generation lifetime is a misnomer,
since the creation of an ehp is measured and generation time would be more appropriate.

Nevertheless, the term “generation lifetime” is commonly accepted.

n-Type

ey

Generation

Fig. 2.10 Generation mechanism in the term of reverse-biased.

The generation lifetime can be calculate from Eq. 2.17

qnW,
T, =—L (2.17)
£ (JuTu)

Where g is the Boltzmann constant, W, is the depletion width and J, is the current

density.
2.3.1.3 Series resistance (R;)
The neutral n and p region have finite resistances so the actual P-N junction will

include a series resistance shown in Fig. 2.11.
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V=V, +I, (2.18)

With series resistance Eq. 2.18 becomes
I=1,(e® "V 1) (2.19)

The current in P-N diode is due to two components are space-charge region (scr)
recombination/generation and quasi-neutral region (gnr) recombination/generation, leading
to the IV relation is

I=1 @@ 1) (2.20)

O,scr

q(V—Ig, )/ nkT
(e " - 1) + IO,an

From the Eq. 2.20 is plot in Fig. 13 for the forward bias.

100

1072
~ 107%
<
:é 1076 Slope m =
S : , gl2.3nkT
© 1078

10710 5

10_12 'R B

0 0.2 0.4 0.6 0.8 1
Voltage (V)

Fig. 2.13 Current versus voltage for P-N diode with the effect of series resistance.

The series resistance causes the forward current to deviate from the ideal diode and
effects to measured junction capacitance. The series resistance have the effect to forward
current at high bias voltage (0.6<R;<1V) Shown in Fig. 2.13,
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where R; is negligible (b) shows the part of the R,-dominated curve.

Knowing ly, the plot V/I vesus [In((-p)/1p))/1 can constructed as shown in Fig. 2.15, R;
can found with the slope of kT/q.
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Fig. 2.15 Series resistance of P-N diode.

2.3.2 Capacitance-voltage characteristics (C-V)

The capacitance-voltage technique that width of a reverse-biased of a semiconductor
junction device depends on the applied voltage. The capacitance associated with the charge
variation in the depletion layer is call the junction, while the capacitance associated with
the excess carrier in the quasi-neutral region is called the diffusion capacitance. The
capacitance are obtained by calculation the change in change for a change in bias voltage,

c=%
av (2.21)

The junction capacitance is calculated using the expression for the parallel plate
capacitance. When applied small voltage variations one finds that charge is only added and
removed at the edge of the depletion region. Therefore, the capacitance depends on the
dielectric constant of plate,

gs \/ qg: NaNd
C = =
204 =Yo) No N, (2.22)
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Where C; is the junction capacitance, N, is the acceptor concentration, Ny is the donor
concentration, V,, is the bias voltage, gis the silicon permittivity and W is the depletion
width. [47]

Diffusion capacitance is the capacitance due to transport of charge carriers between
two plates of a device. If the applied voltage changes to a different value and the current
changes to a different value, a different amount of change will be in transit in the new
circumstances. The change in the amount of transiting charge divided by the change in the
voltage causing it is the diffusion capacitance. The diffusion capacitance can calculate by

¥Q=JW%
YWy oav - (2.23)

Where Cyyis the diffusion capacitance and 7 is the forward transit time. [48]
2.3.2.1 Depletion width (W)
The depletion width of P-N diode can be found from
Ca (2.24)

From the condition of charge (the total negative charge in the P-side depletion region
exactly balance the total positive charge in the N-side depletion region), can write

pra =w,N, (2.25)

Where W, and W, are the widths of the p-side and n-side charged regions, respectively. in
addition, one can express the total of depletion width W as

W=w,+w, (2.26)
2¢ N
W = i D Vi—V
’ \fq (N‘(N”N”)J( v (2.27)

N,

i vq"[ND(NﬁNL,)](V""V)

(2.28)
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2.3.2.2 Carrier concentration (N)
The carrier concentration is one of most-importance parameter of semiconductor.
The concentration can doped with difference type and dose of impurities to vary its

n

V7 le—w —>  le—aw

resistivity.

27

Ny ~——l

"N (a)
n(x)(V=V)
S g
o N
é §\\/P2(I) (V=V+v)
p)=0 \_ w T Ny
NN\ S — P
0 W W+dW :
(b)

Fig. 2.16 (a) A reverse-biased Schottky diode, and (b) the doping density and majority carrier
density profiles in the depletion approximation.
The concentration in junction depth can calculate by

. Cc? 2
NW)= 2 = 2 2
gK e, A%dC1dV ~ gK £,A*d(1/C?)/ dV (2.29)
Using the identity
d(l/Cz)/dV=—(2/C3)dC/dV (2.30)

Where A is the area of device, N is doping density, A is the dc bias, W is the space-charge
region, &, is the permittivity of free space. We consider the Schottky barrier diode of Fig.

2.16.



Chapter 3

Device fabrication and Design of experiment

This chapter presents the fabrication process of P-N junction diode using
CMOS technology and design of experiment for the effect of X-ray radiation on the

electrical characteristics. The plan for this project is shown in Fig. 3.1

Start thesis

¥

Fabrication process

Repeat J»
Study electrical properties (i-V, C-V)

4

X-ray irradiation

Repeat N B
Study electrical properties (I-V, C-V)

4

Analysis the parameters an effect to

change the characteristics of diode

Finish

Fig. 3.1 The plan for this thesis.

3.1 Device fabrication

The processing of the shallow P-N junction diodes was done using CMOS
technology by the Thai Microelectronics Center (TMEC), Thailand. The P-N junction
diodes were fabricated using an n-type (P doped) single crystal silicon wafer with a
(111) surface orientation, 650 mm thick and 120-135 Q—cm of resistivity. The wafer

was cleaned with an ultra-sonic bath to remove organic contaminants. The diode
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Chapter 4

Results and Discussions

This chapter presents the results and discussion of the effect of X-ray on the
electrical properties of P-N junction diode difference energy and dose. The electrical

properties of P-N diode consist of I-V and C-V characteristics.

4.1 Current-voltage characteristics (I-V)

Fig. 4.1 shows the experimental semi-log forward and reverse-bias
characteristics of the P-N junction diodes. The diode parameters were determined
from the IV characteristics, which are usually described using the P-N junction

theory.

qv
I=1 exp(— (4.1)
o® p(nkT)

Here | is the current, g is the electron charge, V is the applied voltage, T is the
absolute temperature, k& is the Boltzmann constant, n is the ideality factor of P-N
junction diodes, and I, is the saturation current. For values of V greater than nk7/g,

the ideality factor from Eq. (4.1) can be written as described [52,53] by

n=[i][ av ] @2)
kT || dinT

Also the voltage dependent ideality factor n(V) can be written using Eq. (4.2) as

qV

m—— (4.3)
[KTIn(I/1,)]

n(V)

From Eq. (4.1) /, is the saturation current. The saturation current under the
reverse bias is the combination of the diffusion current (/y) and the generation current

() that are generated in the depletion region, as presented in Eq. (4.4).
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1, =1,+29°%% (4.9)

Here n; is the intrinsic carrier concentration, 7, is the carrier generation lifetime, and

W is the depletion width. The carrier generation lifetime is given by Eq. (4.5).

AgnW
7, = L7 (4.5)
(Io _Id)
-1
1075 = Before x-ray
107 + o After x-ray 40keV
3] & After x-ray 55keV
1077 X After x-ray 70keV
10" +
< 10
§ 10° 4
ERPS ]
U X
10‘8';
10° w
10 ] =
T T T T T v T T T
-10 -8 6 -4 -2 0

Bias (V)

Fig. 4.1 The forward and reverse bias current vs voltage characteristics of the P-N

junction diodes.

4.1.1 Forward bias

The experimental semi-log forward bias characteristics of the P-N junction
diodes are shown in Fig. 4.2.

From this figure the forward current after irradiation is increased about 3 to 4
orders of magnitude. This was especially apparent when the analyzed forward
current at 70 keV showed the higher forward current. The obtained result shows that
a 70 keV exposure has an excellent performance on improving the diode

characteristics. This result is very promising for further investigation.
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Form Fig. 4.2 the forward current are increased about 3 orders of magnitude
for 40, 55 and 70 keV various times with bias 0.6-1 V, this results are deference the
effects of electron, photon and neutron radiation on device base on silicon [54].
Form the graph show that this is a new result by using radiation to improve the
electrical properties of the diode. The changes in forward current possibly are

occurred by many cause such as series resistance (R,) [55], Ideality factor (7) [56],

recombination lifetime (z,) [57].
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Fig. 4.2. Forward |-V characteristics of the P-N junction diodes for different energy and

dose.
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Fig. 4.2. Forward I-V characteristics of the P-N junction diodes for different energy and

dose. (Cont.)

4.1.1.1 Series resistance (R,)

The change of the forward current seems to be caused by a series resistance

reduction that affected the ideality factor of the diode.

200 - ®
150
[ ]
> 100 "
n
| ]
50 n
|
”~ ]
0 M ¥ T T ¥ 1 N T v ] M 1) T
0 1000 2000 3000 4000 5000 6000 7000

[In{(I-lo)10)]A

Fig 4.3. A plot V/I vs. [In((He)/p)l/! obtained from forward bias current-voltage

characteristic of P-N diode.
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The effect of the series resistance is usually modeled with series combination

of a diode and resistor, R,, in which the voltage V4 across the diode can be expressed

in terms of the total voltage drop V across the diode and the resistance, R,. Thus,

V4=V-IR; and Eq. (4.1) can be expressed as

nkT

I=1, exp|:

(4.6)

Be rewriting Eq. (4.6) using the chung’s method this equation can be

presented as in Eq. (4.7) [58]

Gy T

din() ¢

a.7)

Table. 4.1. Series resistance of P-N junction diodes various energy and times.

Series resistance (Q)

Time (sec) 40 keV 55 keV 70 keV
Before (non-
9560 9570 9640
irradiation)
5 64 7.6 44
55 53 6.3 33
205 45 6.3 5

Table. 4.2. Sheet resistance of P-N junction diodes before and after exposure by

X-ray.
Front metal | Boron doped | Silicon bulk | Back contact
(m@/0) region (Q/0) (/00) (me/0)
Before (non- 59 12.15 2232 55
irradiation)
After 58 12.11 2187 53
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From dv/dln(l) vs | plots, the series resistance is shown in Table. 4.1. Therefore,
by using this model, the results show a dramatic reduction in the overall parasitic
series resistance from several kQ to a few k2 when the diode has been irradiated
by X-rays. The series resistance of P-N junction diodes can possibly be divided into 4
parts which they are front metal contact, boron doped region, silicon bulk, and back
contact. The individual sheet resistivity measurement has also been performed by
using the 4-point probe technique on each part [59-60].

The sheet resistances of the 4 parts before and after exposure by X-rays are
shown in Table 4.2, where the front metal, boron doped region, silicon bulk and
back contact were separately fabricated. There are no significant changed in the
sheet resistance of metal contact and boron dope region. This implies that there is
permanent modification of the base materials by the X-ray irradiation. Therefore, this
confirms that the X-ray irradiation has mainly influenced the silicon bulk condition.
The sheet resistance of metal or aluminum contact data before and after soft X-ray
irradiation is given in Table. 4.2, where the sheet resistance of metal is a little
changed after irradiation. Results show that soft X-ray irradiation is not effect of the
metal contacts. In the case of surface/interface oxide can be explained by the
capacitance-voltage (C-V) characteristics, in which the capacitances of P-N junction
diode are not changed after irradiation as shown in Fig. 4.4, which means that the

soft X-ray irradiation is not effect of interface oxide.

10" 3

Decvice#! before X-ray

Devicc#2 after X-ray 40 keV
Device#3 alter X-ray 55 keV
Device#4 after X-ray 70 keV

Bx10™" 3

DO R

6x10™" 3

ax10™" ]
]

CAPACITANCE (F)

2x10™"

0 ’ 2 4 6 8 10
REVERSE VOLTAGE (V)

Fig. 4.4 Capacitance-voltage characteristics of P-N diode.
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4.1.1.2 Ideality factor (77)

The ideality factor is an effect to forward current of diode. This parameter can
examine the type of current between recombination or diffusion current. In the case
of diffusion current are generate by many case such as doping concentration and
epitaxial interface, on the other hand, recombination current are generate by
trapping center or defects in bulk of the wafer. The ideality factor are in range
shows, 1 (diffusion current) << Ideality factor<< 2 (recombination current). When the
diffusion current near 1 shows low defects and near 2 is many defects in silicon butk.
One of the ideality factor calculated method is developed by plot J vs. V will be
linear 1 is found that at J=0, which the slope of qv/mT is present in Fig. 4.5. The
ideality factor after irradiation are a little change, therefore, this parameter may not

cause to the leakage current of P-N diode.

Ja (é/cmz )
o\.v
N

wd X = P-N diode

IO' I L] l L I T l L] I ¥ I
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Fig. 4.5 A plot J, vs. V obtained from forward bias current-voltage characteristics of

P-N diode.
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Table 4.3 shows the ideality factor of P-N diode before and after irradiation by X-ray

various energy and times.

Energy (keV)
40 55 70
Time (sec)
Before (non-irradiation) 1.05 1.06 105
5 1.03 1.04 1.04
55 1.03 10.2 1.03
205 1.03 1.03 1.03

4.1.1.3 Recombination lifetime (7,)

Recombination lifetime is a one important parameters cause to change the

forward current of P-N diode. The trapping center or defects in silicon bulk can

generate by many cases such high energy irradiation and CZ process. Normally, the

recombination lifetime can be calculate from the current density (J,) in the term of

forward bias, which are calculated by

Io=1,+1,+1,

D
I,=1, =qn,2A[—D”——+ £

Ln = VD”TI'
-
" \Jul,
D=L
q

LN, LN,

(4.8)

(4.9)

(4.10)

(a.11)

(4.12)

Where 7, is the recombination lifetime, N, and N, are the carrier concentration, Jg is

the current density, D, and D, are the diffusion coefficient of electrons in the p-side

and holes in n-side, respectively.

The recombination lifetime are shown in Table. 4.4. From Eq. 4.8-4.12 the
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recombination lifetime have an effect to forward cument. The recombination

lifetimes after irradiation are a little decrease.

Table. 4.4 The recombination lifetime of P-N diode.

Recombination lifetime (7,) (usec)
Energy (keV)
40 55 70
Time (sec)
Before (non-irradiation) 0.297 0.299 0.299
5 0.292 0.295 0.299
55 0.292 0.295 0.305
205 0.290 0.292 0.307

4.1.1.4 Build in voltage (V)

The build in voltage of P-N diode can be found from the intercept of plot |

versus V, as shown in Fig. 4.6.
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Fig. 4.6 The relation between 1 vs. V for found V.
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The build in voltage of P-N diode are in range 0.4 to 0.7 V. The build in
voltage before and after X-ray irradiation are shown in Table 4.5. From this figure, the
build in voltage after irradiation are not change, therefore, X-ray radiation cannot

change characterization between metal and silicon.

Table. 4.5 build in voltage of P-N diode.

Build in voltage (eV)
Energy (keV)
.40 55 70
Time (sec)
Before (non-irradiation) 0.55 0.54 0.54
5 0.54 0.54 0.55
55 0.55 . 0.55 0.53
205 0.53 0.54 0.54

4.1.2 Reverse bias
The current-voltage characteristics of the diodes with different doses shown

in Fig. 4.7.
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Fig. 4.7. Leakage current of diode before and after irradiated.
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Fig. 4.7. Leakage current of diode before and after irradiated. (Cont.)

From the Fig. 4 shows the leakage current versus voltage before and after X-
ray irradiation at 40 keV and 55 keV slightly increases with the increasing diode.

Therefore, increasing of leakage current at higher reverse bias are increase up
to many parameters such as activation energy (£,), generation lifetime (7,), diffusion

current (/) and generation current ().
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4.1.2.1 Activation energy (E,)

From Eq. 4.4, 4.9 the activation energy is an important parameter cause to
change the diffusion current. A general relation between a physical variable and its
activation energy. can be applied to the leakage current of a P-N junction, according

to

I,(T)aexp(-E, | kT) (4.13)

With /; is the reverse current, k is the Boltzmann constant, T is the absolute

temperature.
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Fig. 4.8 Arrhenius plot of generation current vs. temperature of the difference bias.

The slope of an Arrhenius plot, Ix(T) vs. 1/KT yields the activation energy (E,) [61]. Fig.
4.8 shows example of the effect of difference temperature corrections on the
activation energy from Arrhenius plot of generation current versus the temperature of
the difference bias.

The activation energy of P-N diode with difference various energy and

exposure times shown in Fig. 4.9.
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Fig. 4.9 The value of the activation energy versus bias voltage.
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Fig. 4.9 The value of the activation energy versus bias voltage. (Cont.)

Form Fig. 4.9 shows that the activation energy after irradiate 40 keV are
decrease about 0.02 eV at 55 sec and increase about 0.02 at 205 sec, 55 keV of
exposure all activation are decrease about 0.02 to 0.05 eV and 70 keV the activation
energy are change about 0.01 to 0.03 eV. Form the result shows that the activation
energy of P-N diode after X-ray irradiated are a little change about 0.01 to 0.05.
Although, the activation energy are change after irradiate but it cannot confirm of the

important parameter to change the leakage current because it is both defects.

4.1.2.2 Diffusion current (/)

From Eq. 4.8, Iy is the diffusion current can find by the intersection of 2
parameter between leakage current (/) and depletion width (W) shown in Fig. 4.11.

The diffusion current examine by using technique from Fig. 4.11 are shown in
Table. 4.7. The diffusion current after iradiation difference energy and times are
increase about 30 pA at 40 and 55 keV, on the other hand, the diffusion current are
decreased about 30 pA at 70 keV.
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Fig 4.10 The leakage current versus the depletion width of the silicon p-n junction
diode.

Table 4.6. The diffusion current of diode before and after irradiation at difference

energy and times.

Diffusion current (nA)

Energy (keV)

40 55 70
Time (s)

Before (non-irradiation) 0.62 0.61 0.61
5 0.64 0.63 0.61
55 0.64 0.64 0.59
205 0.65 0.64 0.58

The diffusion current increase at 40 and 55 keV shows that the X-ray are
induced some problems in silicon bulk, on the other hand, at 70 keV the diffusion

current are decrease because X-ray can removed the problems in silicon bulk.
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4.1.2.3 Carrier generation lifetime (z,)

The carrier generation lifetime is one of important parameter cause to
leakage current. Generation lifetime is the average time of electron-hole to generate.
The X-ray irradiate can cause to the leakage current of P-N diode shows in Fig. 4.7.
From Fig. 4.7 leakage current after irradiation at 40 and 55 keV are increase, on the
other hand, 70 keV are decrease. The effects may relate to the defects. These
defects can be studied from the generation lifetime. The generation lifetime can also
be calculated using Eq. 4.14 which is exactly in the form of the Eq. 4.4 reversed
slope.

T, = AgnW (I, ~1,) (4.19)

The curve of generation lifetime, which are calculated from Eq. 4.14 versus
the depletion width from difference X-ray irradiation energy and time are shown in
Fig. 4.10. From Fig. 4.10 shows that the generation lifetime at 40 keV are decrease
after irradiated, on the other hand, the generation lifetime at 55 and 70 keV for 5 sec

are increase, in contrast, 55 and 205 sec are decrease.
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Fig. 4.11 The generation lifetime of P-N diode before and after X-ray irradiation.
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Fig. 4.11 The generation lifetime of P-N diode before and after X-ray irradiation.
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The generation lifetime averages from Fig. 4.10 are shown in Table 4.6. The
leakage current of the diode before and after irradiation have a trend decrease and

increase relation with the generation lifetime.

Table 4.7. The average generation lifetime from Fig. 4.12.

Carrier generation lifetime (z,) (usec)
nergy (keV)
40 55 70
Time (sec)

Before (non-irradiation) 6.96 " 6.44 6.84
5 6.88 6.45 6.89
55 6.90 6.40 6.82
205 6.86 6.36 6.85

4.2 Capacitance-voltage characteristics (C-V)
The capacitance-voltage characteristic is an important to study the properties

of P-N diode.
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Fig. 4.12 Capacitance-voltage characteristics of P-N diode.
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Fig. 4.12 Capacitance-voltage characteristics of P-N diode. (Cont.)

The Capacitance-voltage characteristics of the P-N diode before and after the
X-ray irradiation are shown in Fig. 4.15, revealing an unchanged capacitance,
originating from a radiation induced dopant deactivation in the Si layer. From -V

characteristics were decreased at 70 keV of exposure.
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Chapter 5
Conclusion

This thesis are study the effect of X-ray irradiation on the electrical properties
of P-N diode. The electrical properties of P-N diode are study such as current-voltage
characteristics (I-V) and capacitance-voltage characteristics (C-V). X-ray radiations to
use in this thesis are various energy and times, the energy various are 40, 55 and 70
keV with times 5, 55 and 205 second. The current-voltage (I-V) measurement was
then performed using a HP4156B. The -V characteristic results were measured on
the wafer with a bias step of 25 mV from the reverse (VR) to forward (VF) voltage, in

the range of -10 to +1V.

The results shows that reverse bias regime, leakage currents of 40 and 55 keV were
slightly increased, while, the leakage current was found to decrease with 70 keV of
exposure. In the forward bias regime, the forward current was increased about 3
orders of magnitude because of a dramatic reduction in the series resistance
calculated by the standard model (from several kQ to a few Q). Capacitance-
voltage characteristics are not change after irradiation. From the results, we have to
found the effect of X-ray irradiation to the characteristics of P-N diode. The electrical
properties of P-N diode have 2 characteristics are IV and C-V characteristics. |-V
characteristics are consist of 2 parts forward and reverse bias, the forward bias can be
found many parameters to explain the effect of X-ray radiation such as carrier
recombination lifetime (z,), forward current (/g), series resistance (Ry), ideality factor (/)
and build in voltage (V). Reverse bias team are consist of leakage current (),
Diffusion current (), activation energy (E,), depletion width (W), carrier concentration
(N) and carriet generation lifetime (7,). These results show the benefit of X-ray

irradiation as the post-fabrication soft annealing process to cure high parasitic
resistance of our low grade P-N junction diodes with the minimum cost and effort. In
addition, the optimized condition of the X-ray irradiation may still be improved,
where the evidence or mechanism of silicon bulk modification by the X-ray is
required to study in details.

From the results show that the activation energy, build in voltage and carrier
concentration are a little change, therefore, this parameter are not important
parameter to change the leakage current. On the other hand, the carrier generation
lifetime are decreased after irradiation, the change of carrier generation lifetime can
cause to the leakage current because it is main parameters involved in the leakage
current from equation 4.4. Moreover, the diffusion current is a one important
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parameter of change the leakage current from equation 4.4, the diffusion current are
decreased almost of all energy an times and except for 5 min at 70 keV. The leakage
current are a little change by the relation with carrier generation lifetime and
diffusion current. In forward bias term, the forward currents after irradiation are
increase about 3 orders at 0.6 to 1.0 V. The ideality factor of the after exposed diode
can be calculated and has a value around 1.03 which confirms that these diodes
approached the ideal diode performance, the change of ideality factor shows that
the current in forward bias team are the recombination current because the ideality
nearly 1. Recombination lifetime are decrease at 40 and 55 keV while 70 keV are
increase, in this case X-ray at 40 and 55 keV may generate defects and trap in silicon
bulk. Therefore, this effects can cause to decrease recombination lifetime, on the
other hand, 70 keV of exposure may reduce defects in silicon bulk. From the forward
current are increase about 3 orders of magnitude can cause by reduce of series
resistance because of a dramatic reduction in the series resistance calculated by the
standard model (from several kQ to a few Q). The change in the forward current
seems to be caused by a series resistance reduction that affected the ideality factor
of the diode. The effect of the series resistance is usually modeled with series
combination of a diode and resistor, R,, in which the voltage Vg, cross the diode can
be expressed in terms of the total voltage drop V, cross the diode and the resistance
R.. These results show that this is a promising method for manufacturing yield
improvement with a minimum added cost and effort. In this experiment, both front
and back sides were irradiated, in which the same electrical characteristics is
obtained. By using the X-ray method, there is no silicon atom escaped from the
lattice. On the other hand, this energy is sufficient to destroy the defect complexes
in a semiconductor, in which the impurity atoms in these complexes can become
electrically active.

The P-N junction diodes are improving the performance after irradiation by X-
ray, the X-ray can treatment of some damage in silicon device. The damage in silicon
device can cause by many case such as high-energy ion implantation, CZ wafer and
contaminate in device fabrication. From the results the X-ray at 70 keV are suitable
to use for improve the P-N junction diode because can decrease leakage current and
improve the forward current. This research is important implications for the
development of the semiconductor devices, which may reduce production costs and
improve the efficiency of the device.
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1. Introduction

P-N junction diodes are important devices widely used in
many applications including measurement (1], communication
{2), security {3] and photodiode {4]. P-N junction diodes are
widely used for detecting the photo spectrum because they
exhibit high performance for detection in a wide spectrum range
with cut off wavelengths ranging from UV to far-IR {5,6). To
further improve these propertics, many researchers have worked
to improve the performance of P-N junction diodes. where
generally a good diode should have a low leakage current and a
high forward current. In this work, the tested diodes were
fabricated by the Microelectronic Center (TMEC). Thailand, in
which the underperformance diodes, espetially, the high leakage
and low forward current were chosen as targets to investigate.
Commonly, the leakage current of a P~N junction diode is one of
the main parameters that affect the device performance where
the leakage current is caused by defects which exist in the
semiconductor bulk (7,8]. Many research projects have already
been undertaken to improve diode performance, for instance,
using proton, neutron and electron irradiation on the diodes
[9-11]. In this work, the general diode is designed for X-ray
irradiation effect, where the electrical characteristics are the
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objective of study. Results obtained have shown that the diodes
after X-ray irradiation have low leakage current and high forward
current for the reversed and forward biased voltages, respectively.
Therefore, this concept can be used for improving the perfor-
mance of photodiode because a good photodiode should have low
feakage and high forward currents. We have investigated the
effect of the electrical characteristics of P-N junction diodes
compared before and after irradiation by X-ray annealing. In this
study, the designed diode is used for soft X-ray annealing.
Therefore, this structure may not be appropriate for P-N junction
diodes characteristic investigations, From our system. the soft
X-ray annealing cost is 3 times less than the thermal annealing
cost, The measured decrease in the leakage cusrent and dramatic
increase in the forward current could provide a significant benefit
for future applications.

2. Experimental arrangement

The processing of the shallow P~N junction diodes was done
using CMOS techrology by the Thai Microelectronics Center
(TMEC), Thailand. The P-N junction diodes were fabricated using
an n-type (P doped) single crystal silicon wafer with a (111) surface
orfentation, 650 pm thick and 120-135 Q cm resistivity, The wafer
was cleancd with an ultra-sonic wash to remove organic contami-
nants. The diode process module consists of (i) the deposition of
the oxide covered substrate and the dry-etching of the active area,
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Fig. 1. Structure of the multi-ring gated diode devices used in the study. The
‘botiom plcrure Is zooming on the cross section in the marked reglon.

Table 1

Dose of X-ray iradiadon en P-N junction diodes.
Croup 1: 40 keV Croup 2: 55 keV Group 3: 70 keV
Number Dose Nummber Dose Number Dose

{rocntgen) {raentgen) (recntgen)

Devicestl ¢ Device#1 0 Devicest O
Device#2 7.0€+04 Device#5 45E+05 Device#8  49E+06
Deviced3 7.8E+0S Devicedt 53E+06 Device#9  SA4E+07

Device#d 2.9E4-06 Device#?7 1.9€+407 Device#10 2.0E4+03

(li) the imptantation of phospbiorus at an energy of 120kV and
dosage of 1 x 10"® cm ™2 for ohmic contact on the backside wafer,
(iii} the implantation of boron at the same energy, (iv) dose on
front side wafer , where the implantation was followed by a
thermal annealing at 1050 °C for 60 min, resulting in a junction
depth of about 1 pm and (v} the Al metal-deposition, 1 pm thick
[12.13}, on both the front and back sides {14}. After that the wafer
was transferred to the sawing process. Finally, the fully assembled
chip was installed onto a prototype circuit board (PCB) before the
finishing connections were made, as is shown in Fig. 1.

The diodes were irradiated by X-ray for various energies and
exposure dosages, as shown in Table 1, The current-voltage (I-V)
measurement was then performed using a HP4156B. The -V
characteristic results were measured on the wafer with a bias step
of 25 mV from the reverse (V) to forward (Vr) voltage, in the
rangeof —10to +1V.

3. Result and discussion

Fig. 2 shows the experimental semi-log forward and reverse-
bias characteristics of the P-N junction diodes. The diode para-
meters were determined from the I-V characteristics, which are
usually described using the thermionic emission theory.

I =1o exp(qV /nkT) (1))
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Fig. 2. The (orward and reverse bias curtent vs voltage characterisdes of the PN
Junction diodes.

Here [ is the current, q is the electron charge, V the applied

ltage, T the absolute atuce, k the Boltzmann constant,
n the ideality factor of P-N junction diodes, and Iy is the
saturation current. For values of V greater than nkT/g, the ideality
factor from Eq. (1) can be written as described in [15,16] by

n=(q/kT]dV /din 1) @
Also the voltage dependent ideality factor n(V) can be written

using Eq. (2) as

V) = qu/1kTin(l/lo)} 3)

From Eq. (1} I is the saturation current. The saturation current
under the reverse bias is the combination of the diffusion current
(Js} and the generation cumrent (f;) that are generated in the
depletion region, as presented in €q. (4).

lo = ld+AgnW/t, )

Here n, is the intrinsic carrier concentration, 74 is the carrier
generation lifetime, and W is the depletion width. The carrier
generation lifetime is given by Eq. (5).

Tg = AqnW /(Jo—14) [&)]

Fig. 3 shows the -V characteristics of the diodes with different
doses, where the leakage cusrent versus voltage before and after
X-ray irradiation at 40 keV and 55 keV slightly increases with the
increasing dose [17]. This result cleady shows the impact of the
X-ray irvradiation at a higher reverse bias in the case of the 70 keV
exposed cnergy. where the leakage current after exposure is
slightly decreased. The change in the leakage current depends
on the carrier generation lifetime. The carrier generation lifetime
can be calculated using Eq. (5), which is changed after irradiated
by X-ray. In our former work, a longer operation lifetime was
achieved for lower dose operation. This can also be due to defects
annealed by the X-ray. For the prolonging diodce lifetime. the
longer exposure after a typical sensing operation may be a
concern.

The experimental semi-log forward bias characteristics of the
P-N junction diodes are shown in Fig. 4. From this figure the
forward current after irradiation is increased about three orders
of magnitude. This was especially apparent when the analyzed
reverse and forward current at 70 keV showed the lower leakage
and higher forward current. The obtained result shows that a
70 keV exposure has an excellent performance on improving the
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and exposure dose.

diode characteristics. This result is very promising for further
investigation.

The change in the forward current seems to be caused by a
series resistance reduction that affected the ideality factor of the
diode. The effect of the series resistance is usually modeled with
series combination of a diode and resistor, R;, in which the voliage
Vg across the diode can be expressed in terms of the total voltage
drop V across the diode and the resistance R,. Thus, Vg=V—IR, and
Eq. (1) can be cxpressed as

1 = Iy exp{g(V—IR;)/nkT] (6)

Bias (V)

of the P-N i

Fig. 4. Forward |-V ¢h
encrgies and doses,

diodes for dilferent

By rewriting £q. {6) using the Chung’s method this equation
can be presented as in Eq. (7){18]

dv/dingly = IR, + nkT/q )

Eq. (7) predicts a straight line for the data of the downward
curvature region of the forward bias I-V characteristics. The slope
and y-axis intercept of a plot dV/din(l) versus I will give R, and
nkT/q, respectively.
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Table 2
Scries resistance of P-N junction diodes various
dote at 70 keV,

Dese (roentgen) Setles resistance ()

Before=0 5640
4.9€ 406 44
S4E+07 a3
20E+08 5

Table 3
Sheet resistance of P-N junction diodes before and after exposure by X-ray.

Froat metal Boron doped reglon Silicon bulk  Back contact
(<Y T) Q) o) (mQYO)

Before 59 1215 2232 55
After 58 . 2187 53

From dV/dIn(l} vs I plots, the series resistance is shown in
Table 2. Therefore, using this mode, the resuits show a dramatic
reduction in the overall parasitic series resistance from several kQ
to a few 3 when the diode has been irradiated by X-rays. The
series resistance of P-N junction diodes can possibly be divided
into 4 parts which they are front metal contact, boron doped
region, silicon bulk, and back contact. The individual sheet
resistivitcy measurement has also been performed using the
4-point probe technique on each part

The sheet resistances of the 4 parts before and after exposure by
X-rays are shown in Table 3, where the (ront metal, boron doped
region, sflicon bulk and back contact were separately fabricated.
There are no significant changes in the sheet resistance of metal
contact and boron dope region. This implies that there is perma-
nent modification of the base materials by the X-ray irradiation,
Therefore, this confirms that the X-ray imadiation has mainly
influenced the silicon bulk condition. The sheet resistance of metal
or aluminum contact data before and after soft X-ray imradiation is
given in Table 3, where the sheet resistance of metal is a little
changed after irradiation. Results show that soft X-ray irradiation is
not an effect of the metal contacts. In the case of surfacefinterface
oxide this can be explained by the capacitance-voltage (C-V)
characteristics, in which the capacditances of P-N junction diode
are not changed after irradiation as shown in Fig. 5, which means
that the soft X-ray irradiation is not the effect of interface oxide.
Moreover, the ideality factor is calculated using the same model,
the average value is 1.13, which approaches to the idea) diode
performance. These results show the benefit of X-ray irradiation as
the post-fabrication soft annealing ‘process to cure high parasitic
resistance of our low grade P-N junction diodes with the minimum
cost and effort. In addition, the optimized condition of the X-ray
irradiation may still be improved, where the evidence or mechan-
ism of silicon bulk modification by the X-ray is required to study in
details.

4. Conclusion

The X-ray irradiation effects on the current-voltage character-
istics of TMEC P~N junction diodes have been investigated and
discussed. In the reverse bias regime, leakage currents of 40 and
55 keV were stightly increased, while, the leakage current was
found to decrease with 70 keV of exposure. In the forward bias
regime, the forward current was increased about 3 orders of
magnitude because of a dramatic reduction in the series resis-
tance calculated by the standard model (from several kil to a few
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s of P-N junction diode before and after

Q). The ideality factor of the after exposed diode can be calculated
and has a value around 1.13, which confirms that these diodes
approached the ideal diode performance. These results show that
this is a promising method for manufacturing yicld improvement
with a minimum added cost and effort. In this experiment, both
front and back sides were irradiated, in which the same electrical
characteristics is obtained. Using the X-ray method, there is no
silicon atom escaped from the lattice. On the other hand, this
energy is sufficient to destroy the defect complexes in a semi-
conductor, in which the impurity atoms in these complexes can
become electrically active.
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Abstract. This paper investigates the effect of soft X-ray irradiation various energy and times on P-
N junction diodes. X-ray energy irradiated on P-N junction diode with 55 and 70 keV with various
time in the range 5-50 scc. After irradiations were study on the current-voltage (I-V) characteristics
and capacitance-voltage (C-V) characteristics. Leakages current after irradiated by X-ray are not
change, while forward current are increase about 3 orders. The change of current-voltage
characteristics can analyze by many parameter such as carrier lifetime and series resistance.
Capacitance-voltage characteristics after irradiation are not change. The results show that soft X-ray
technigue can be improving performance of the P-N junction diodes. These techniques are
importance to use for improving device performance in industry work.

Introduction

Nowadays, the P-N junction diodes are widely use in many works such as power device [1],
clectronics [2], medical [3] and telecommunication [4]. General, the characteristics of P-N diode
have low leakage current and high forward current. In the present, diode is low performance (high
leakage current and low forward curreat) because the problem in fabrication process such as high
ion implantation. Ion implantation is the cause to induce defect in silicon bulk. High-cnergy
particlcs may producc at least two different types of effects in semiconductor devices, i.e.,
ionization damage and displacement damage. Initial ionization damage creates free electron-hole
pairs in the SiO; layer by disrupting electronic bonds, which can cause either transient or long-term
jonization damage.On important transient ionization degradation mechanism is the Single Event
Upset (SEU). It corresponds to a single high-energy particlé striking a critical node of the device,
leaving behind an ionized track passing through the well area or storage capacitor. The defects are
removing by thermal annealing, while this technigue have the effect to junction depth, uses a long
time and high temperature. In this paper investigatc new technique for remove defect in silicon
bulk. Soft X-ray anncaling is the new technique for improve performance of the diode. This
technique is not widely use because it has a little rescarch to study the effect of X-ray irradiation in
mechanism of diode. Soft X-ray annealing are use shot time, low temperature and don’t cffect to
junction depth. The aim of this paper is to investigate a detailed characterization of radiation defects
in P-N junction diode by the irradiation with X-ray [5-7].

Al rights resarved. No part of conterts of this may be reproduced or transmitted in any form or by means without the written permission of TTP,
www ltp.net. (10: 161.246.254.166-23/1 1“1.0.1'19:38) i
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Experimental

The process flow of shallow P-N junction diode is compatible with CMOS technology on Thai
Microelectronics Center (TMEC). (iii) implantation of phosphorus at energy of 120 kV and dose of
110" cm? for ohmic contact on backside wafers, (iv) implantation of boron at same energy and
dose on front side wafers (the implantation been followed by a thermal annealing at 1050 °C for 60
min, resulting in a junction depth of about 1 pm) (v) Al metal-deposition, 10 pm thick, on front side
and backside [8], the fabrication process shows in Fig. 1.

Fig. 1 Structure of P-N junction diode.

After its fabrication process, the diodes were irradiated by X-ray for energy 55 and 70 keV with
various time with 5-50 scc. The semiconductor parameter analysis of model HP4156B was used to
measure clectrical properties of diode, before and after irradiation. The current-voltage (I-V)
characteristics of the P-N diode were measured at room temperature to examine the change of the
dark current (Ip) by X-ray irradiation. The current-voltage (I-V) characteristics were measured on
wafer with bias step of 25 mV for both reverse (V) and forward (V5) voltage, sweeping in the range
of -10 to +1 V. Capacitance-voltage (C-V) mcasurements were performed on the same diodc at a
frequency of 100 kHz [9].

Results and discussion

Fig. 2 shows the experimental semi-log forward and reverse:bias characteristics of the P-N
diode. The diode parameters arc determined from the I-V characteristics, which is usually described
by the thermionic emission theory.

I = Ipexp(qV/nkT) n

Here 7 is the current, ¢ is the electron charge, ¥ the applicd voltage, T the absolute temperature, k
the Boltzmann constant, n the ideality factor of P-N diode, and J; is the saturation current. From
values of V greater than nkT/q [10].
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CURRENT (A)

Form the picture leakage current compare before and after arc not change, while forward current
after irradiation are increase. Therefore, soft X-ray annealing technique is improving the diode

performance
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Fig. 2 I-V characteristics of diode before and after soft X-ray annealing.
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Fig. 3 Semi-log forward current of the diode irradiation by X-ray.
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Fig. 4 Semi-log capacitance-voltage characteristics before and after X-ray irradjation.

The forward currents of diode after irradiation by X-ray are shown in Fig. 3. After irradiation
with 5-20 sec for 55 and 70 keV the forward currcnt are increases about 3 orders, while 25 and 50
sec are increases about 1 order. The change of forward current are many causes such as serics
resistance are decrease and X-ray remove trapping centre in silicon bulk and surface [11]. The
capacitances after irradiation werc not change because X-ray are not effect to junction depth of the

device.
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Conclusions

Soft X-ray annealing are increases the diode performance. Forward current are increases after
irradiation with 55 and 70 keV. These results do not unambiguously point to a mechanism for the
increase observed in the forward current of a silicon P-N-junction after prolonged X-ray irradiation.
The identification of this mechanism requires further study. Nevertheless, the very fact that stable
induce are observed in the forward currents seems noteworthy and may find application as a method
for improving the characteristics of silicon diodes.
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