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ABSTRACT

Recently, there are numbers of technological procedures that proven to purposely
optimize the power device characteristics. Especially, in the past few years, significant progresses
in the development of fast diodes have been achieved optimizing the trade-off between on-
state losses and turn off switching losses. Conventional fast switching diodes are using gold or
platinum doping to control carrier lifetime. However, the circuit designer has to be careful on
choosing the device that will be expected to use on the different application. Rather than the
techniques using impurities gold and platinum, the irradiation techniques to control carrier
lifetime is nowadays accepted for power device characteristics optimization. The reverse
recovery charge can be efficiently reduced by electron irradiation, since the defect centers
introduced uniformly by electron irradiation are acting as recombination centers. As such the
reverse recovery current decreases and the blocking state is reached faster.

The first objective of this study is creating the brand new idea of utilize the X-ray
irradiation process to improve or modify the electrical performance of new p-n junction
products. The second objective is to create the new way to recover products that already fail
from the electrical specification by using the facilities and equipments that already exist. The

end result of this study is to improve production output and reduce electronics waste with the



minimum cost of operation. We investigated the effect of soft X-ray irradiation on the electrical
properties of p-n junction diodes. Of particular significance is that, under a forward bias of 1.0V
at 303 K, the forward current is approximately two orders of magnitude higher for X-ray
iradiation than for non-X-ray irradiated samples. We further investigated this effect by
evaluating the following properties under forward-bias conditions: ideality factor, saturation
current, and series resistance, and under reverse-bias conditions, carrier-generation lifetime, and
activation energy. Under the forward bias condition, the Schottly Barrier Height (SBH) is
approximately five percent lower for X-ray irradiated device than for non-irradiated device.
These results suggest that soft X-ray process reduce series resistance of p-n junction diodes
under forward-bias conditions without significant damage to the device. However, optimum

process conditions may need to be specifically developed for each particular device.
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Chapter 1

Introduction

1.1 Background

Recently, there are numbers of technological procedures that proven to purposely
optimize the power device characteristics. Especially, in the past few years, significant progresses
in the development of fast diodes have been achieved optimizing the trade-off between on-
state losses and turn off switching losses. Fast diode is important as the operating frequency of
AC/DC-converters, inverters, DC choppers and switch mode power supplies tends to increase to
achieve more compact circuit lay-outs and reduced noise levels. Conventional fast switching
diodes are using gold or platinum doping to control carrier lifetime. The recombination level
introduced by gold diffusion is different from that by platinum diffusion. The superior
conduction characteristics are observed in gold-doped devices. For example, for equal forward
voltage, gold-doped device will have faster switching time than platinum-doped device.
However, the leakage current of platinum doped devices will be much lower than for gold-
doped devices. Since gold-doped devices created a larger leakage current (especially the high
temperature leakage current is significantly high.) so the parasitic heating of the gold-doped
rectifier occurs highly than platinum doped rectifier. A continuous heating will, finally, cause
thermal run away. But the gold- doped devices will introduce a softer recovery waveform than
platinum. From the trade-off comparison the circuit designer has to be careful on choosing the

device that will be expected to use on the different application. [1]-[9]

Rather than the techniques using impurities gold and platinum, the irradiation
techniques to control carrier lifetime is nowadays accepted for power device characteristics

optimization. [10] — [13] The reverse recovery charge can be efficiently reduced by electron



irradiation, since the defect centers introduced uniformly by electron irradiation are acting as
recombination centers for the free charge carriers and, consequently, accelerate the removal of
the charge carrier plasma. [14] As a consequence the reverse recovery current decreases and
the blocking state is reached faster. Partial annealing of the defect centers will results in a less
effective reduction of the reverse recovery charge.

In contrast to electron irradiation, proton irradiation leads to a non-uniform defect
profile with a maximum defect concentration close to the penetration depth of the protons.
[14] The non-uniform defect profile causes a pronounced modification of the vertical charge
carrier distribution. Consequently, the reverse recovery behavior does not only depend on the
fluence of the irradiation and the annealing conditions but also on the penetration depth as
well. For example, the reduction of the reverse recovery charge is most efficient when the
defect peak is located close below the gate oxide.

The second important effect induced by irradiation concerns is the modifications of the
effective doping concentration. [14] The irradiation process can cause significant donor
formation under properly chosen annealing conditions. The peak concentration and the donor
charge integrated along the vertical direction can be controlled over a wide range by the choice

of the annealing temperature and the proton fluence.

Comparing the carrier lifetime adjustment by irradiation with the adjustment by
impurities such as gold and platinum doped, the irradiation techniques offer the possibility to
reduce the carrier life time at the end of the fabrication process and to create spatially varying
lifetime profiles.

Apart from controlling the local carrier lifetime, light-ion radiation can also be applied to
modify the doping profile of silicon devices. This is especially important for power devices,
which usually have a very high resistivity of the starting material to provide high blocking

voltages. Proton-irradiated and subsequently annealed silicon shows the formation of shallow



donors that are related to hydrogen defect complexes. Possible applications are the integration
of an overvoltage protection function into thyristors or the implementation of a field-stop layer
in high-voltage devices. It is even possible to use both effects, local reduction of carrier lifetime
and increasing the doping concentration, simultaneously by applying single proton irradiations,

as has been shown for local lifetime controlled IGBT with a punch-trough structure. [15]

1.2 Significance of the study

The advance high power radiator was used for most of today irradiation techniques,
which is resulting in high cost of operation. [4] To adopt similar concept with much lower cost
of operation, the study of the impact of the low energy x-ray irradiation to the electrical
properties of p-n junction diode is developing using the low energy of x-ray sources from 40 keV
to 70 keV. The low energy x-ray source that used in this technique is not only provides benefit
of lower cost of operation but also open the opportunities for users to access either in most of
their laboratories or even in the most hospitals. The benefits of this study are not only creating
the brand new idea to improve and modify the electrical performance of new p-n junction
products but also creates the new opportunities to recover products that already fail from the

electrical specification, which finally improved production output and reduce electronics waste.

1.3 Literature works
The X-ray radiation technique were studied from 1962-1969 (reference on website). The
electrical properties were degradation after irradiation by X-ray. The literature work of X-ray

radiation effect on the characteristics of semiconductor device were shown as follows

1.3.1 M. A. Krivov and S. V. Malyanov- Effect of Roentgen radiation on germanium and

germanium P-N junctions. [16]
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removed at the edge of the depletion region. Therefore, the capacitance depends on the

dielectric constant of plate

G = EMW = {[QEV2A — V)] NNy / Ny + N 7 (2.2)

The capacitance-voltage characteristics can be calculation many parameters such as carrier
concentration, depletion width and built in voltage.
2.3 Diode Equation:

For a p-n junction Poisson's equation is
AQ =—p/8) =(q/E(ng-py)-HNs—Np) (2.3)

where () is the electric potential, P; is the charge density, & is permittivity and g is the

magnitude of the electron charge.
Since the total charge on either side of the depletion region must cancel out it is
dp Na =d, Np (2.4)

From Eg. (2.4) and by deploying basic calculus it can be shown that the total width of

the depletion region is
d =d, +d, ={2E/qN(Na + NV NaNp)Vey = VI (2.5)

Furthermore, by implementing the Einstein relation and assuming the semiconductor is

nondegenerate (i.e. the product pgng is independent of the Fermi energy) it follows that

Vii = (KT/q) Inf(NsNpVpono} (2.6)



L4

dninnemyanan wazsemndimansely

17
where T is the temperature of the semiconductor and k is Boltzmann constant.
Refer to Eq. (2.6) the built-in voltage is also given by
Viy = (KT/@) In{(NaNoV,'} (2.7)
By applying the law of mass action n,-2 = Npg X Pno We get
Vey = (KT/Q) (n{(nnoonsVni ] (2.8)
Rearranging
Ppo = Pro expl(qVu)/kT} (2.9)
For non-equilibrium situation, when there's forward bias voltage V¢
Poto) = Prioy €xp{q(Ve — VVKT] (2.10)
or Ppo = Pno exp(qV/KT) (2.11)

where V = V}; — V assuming low injection level, i.e. p, & ppy Eq.(2.9)/Eq(2.10) by doing this we

get minority carrier concentration at the edge of the depletion region (Ap) therefore

Ap =P expllqV/kT) — 13 (2.12)

Using the continuity equation, we get an expression for the current density

76513
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Jpto =0/Lp) O (2.13)

since Ap = é;(x-w SO 5p(x—0) =Ppno expllqW/kT) — 1}

Joto = QDpPro/L Jexpl(qV/kT) — 1} (2.19)

Same with electrons, hence

Jrotal :Jp +Jn =Js eXP[(qV/kT) — 1} (2.15)

However, if we multiply the above expression by the cross-section area, we get the current |.

1 =1, ™ —1) (2.16)

Where | is the net current flowing through the diode, |, is the saturation current, V is Voltage
across the terminal of diode, g is charge on an electron, k is “Boltzmann’s constant”, T is
absolute temperature (K).

(qw/T)kT) _1) (2 1 7)

/= lo(e
T is the diode ideality factor. In case of “ideal” diode, no defect is present, the total diode
current would be a diffusion current and n would be 1. In case of “non-ideal” diode, more

defects drive n up to 2.
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2.4 Shockley diode model

The Shockley diode equation relates the diode current | of a p-n junction diode to the

diode voltage V). This relationship is the diode |-V characteristic given in Eq. (2.17):

When Vj, = 1}Vr the formula can be simplified to:

(2.18)

This is only an approximation of a more complex |-V characteristic. It is no applicable for

ultrashallow junctions, which require better analytical models. Vp
2.5 Ideality factor

The ideality factor, or slope parameter (n) can be calculate from modify of the Schottky

diode | - V equation:

V) =1y {exp(qV/TKT) — 1} (2.19)

As mention earlier, the ideality factor is a number around 1.0, typically between 1.1 and 1.2 for
real diodes. As the ideality factor increases, the non-linearity behavior of the diode decreases

changing the gradient of its | - V plot.

At very low currents there is very little voltage drop across any series resistance, within
the structure, therefore any change in voltage per decade of current remains constant.

Manipulation of the above equation results in an expression for the ideality factor of a diode:

1 =(q/kT) AV log(e) (2.20)
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Where AV is the change in voltage across the junction per decade of current and e is the

constant: 2.71828 .
2.6 Activation Energy

Activation Energy (E7), in semiconductor is defined as the minimum amount of energy
required to trigger a temperature-accelerated failure mechanism.

A discussion on activation energy is never complete without mentioning the Arrhenius
Equation, which gives the basic relationship between the rate at which a failure mechanism
occurs, the temperature, and the activation energy of the failure mechanism. The Arrhenius
Equation is as follows:

R= Ae—ET/ (kT)

(2.21)
where R is the rate at which the failure mechanism occurs, A is a constant, E; is the activation
energy of the failure mechanism, k is Boltzmann’s constant (8.6e-5 eV/K), and T is the absolute
temperature at which the mechanism occurs.

Er is expressed in electron volts (eV). If one were to collect the median lifetime (time it
takes for 50% of a set of samples to fail) data of different sets of samples accelerated to fail by
the same, specific failure mechanism at different temperatures, the natural logarithms (In) of
these median lifetimes can be plotted against 1/T (T is the temperature in deg K) to yield a
straight line whose slope is equal to Et/k.

The value of activation energy indicates the relative tendency of a failure mechanism to be
accelerated by temperature, i.e., the lower the Er, the easier it is to trigger a failure mechanism

with temperature. A negative Er means that the failure mechanism is accelerated by decreasing
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Chapter 4

Results and Discussion

4.1 Study of Electrical properties of p-n diode

The electrical properties of p-n junction diode were studied and analysis in this
thesis. The diode parameters were determined from the [V characteristics and C-V
characteristics, which are usually, described using the thermionic emission theory. The ideal
diode equation or sometimes called the Shockley diode equation ‘is explaining by equation

(4.1). {10] -[12]

1 =1, "™ —1) @.1)

Where I, is the saturation current, V is the bias voltage, k is the Boltzmann’s constant, g is

the electronic charge constant and T is the absolute temperature.

Where the saturation current (/p) equals the diffusion current (/).

lo =1y =qn; BID/LNJHDy/L N (4.2)

Where 1] is the ideality factor of p-n diode, B is the active area and n; is the intrinsic carrier
density. For values of V greater than nk7/q, D, and D, are the diffusion coefficient of
electrons in the p-side and holes in the n-side, L, and L, are the electron and hole diffusion

length, the ideality factor from Eq. (4.2) can be written as described by Eq. (4.3).

1 = [q/kTIdV/din]] (4.3)
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Also the voltage dependent ideality factor 7(V) can be written using Eq. (4.3) as

V) =qV/KTin(/1p)] (4.4)

From Eq. (4.1), Iy is the saturation current. The saturation current under the reverse bias is
the combination of the diffusion current (/,), as presented in Eq. (4.4).
The forward and reverse bias -V characteristic of the P-N diode before and after

irradiated by the various X-ray energy and times, which can be explained by Eq. (4.5).

I = Ifexpl(q/KTXV-IRJI-1} (4.5)

From Eq. (4.5) the effect of the series resistance is usually modeled with series
combination of a diode and a resistor R,. The voltage Vp across the diode can be expressed
in terms of the total voltage drop V across the diode and the resistance R;. Thus, Vp = V =

IR, and the Eq. (4.1) can be expressed as:

I = Ifexplq(V-IRY/ TIKTT} (4.6)

Where R; is the series resistance, and the /R, term is the voltage drop across series resistance
of device.

Several methods to extract the series resistance R, of Schottky diode have been
suggested. In our case, we have applied the methods developed by Cheung and Cheung

and Lien et al [22].

The Cheung’s method is achieved by using the functions:
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av/d(inl) =IR; + TKT/q (4.7)

Eqg. (4.7) should give a straight line for the data of the downward curvature region of the

forward bias |-V characteristics. Thus, the slope and y-axis intercept of a plot of dv/d(ln())

versus | will give Ry and MkT/q, respectively.

4.2 Capacitance-voltage characteristics (C-V) of p-n junction diode

In case of reverse bias, the saturation current is presenting in Eq. (4.8), which is the
combination of the diffusion current (/;) and the generation current, which generate in the

depletion region.

lo = lg + Bgn\W/T, (4.8)

Where B is the area of p-n junction, n;is the intrinsic carrier concentration, W is the width of

depletion region and 7, is carrier generation lifetime.

According to our experiment results, the leakage current versus depletion width plot
(fig. 4.1) shows increment of the leakage current at higher reverse bias (larger depletion
width higher reversed bias voltage), which can be surely explained by Eg. (4.8). Assuming,
the diffusion current is biasing independent, the increment of leakage current at higher
reverse bias is mostly the result of generation current. This current depends on the width of

depletion region, which can be calculated using Eq (4.9).
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W= 385,/C (49)

Where &g is the dielectric permittivity of silicon, C is the capacitance, which can be

obtained from the capacitance-voltage (C-V) characteristics as shown in Fig. 4.2.

Current (A)

10 9 8 7 6 5 4 3 2 4 0 A1
Bias (A)

Fig. 4.1 Leakage current versus bias voltage of the p-n junction diode
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Fig. 4.2 Capacitance-voltage (C-V) characteristics of p-n junction diode
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Fig. 4.3 Leakage current versus depletion width of the p-n junction diode
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The diffusion current can be calculated from the relation of leakage current and
depletion width as in fig. 4.3. In this case, the diffusion current is 0.08 nA at zero depletion

width.

4.3 Current-voltage characteristics (I-V) study of p-n junction diode before and after X-ray

irradiated
Then we measured the |-V and C-V characteristics of p—n junctions before and after

X-ray irradiated under various conditions. Table 4.1 lists the X-ray irradiation conditions.

Table 4.1 X-ray radiation conditions

Electrical
X-ray energy Time X-ray quantity

Condition charge
(keV) (s) (Roentgen)

(mA:-s)
1 40 5 0.2 711X 10°
2 40 55 0.2 782X 10°
3 a0 205 0.2 292 X 10°
q 55 5 0.7 4.71 X 10°
5 55 55 0.7 518 X 10°
6 55 205 0.7 1.93 X 10’
7 70 5 45 4.90 X 10°
8 70 55 45 539 X 10’

9 70 205 4.5 201X 10°
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4.3.1 Forward bias study of p-n junction diode after X-ray irradiation

The forward biased Current-Voltage (I-V) characteristics of diodes can serve as the basis
for the extraction of physical parameters such as ideality factor (1]), series resistances (Rs),

and reverse saturation current (lp), which determines the zero bias barrier height (Pg)
provided that the Richardson constant is known. Two stages of graphical parameter
extraction from the experimental |-V characteristics are required in this technique. The first
is used to determine the ideality factor and series resistance and the second to get the
saturation current. [18],[19] Alternatively, [20]-[24] the ideality factor and saturation current
are found first followed by a determination of the series resistance. However, there is no
perfect solution including this technique. In this technique, a determination of the existence
and establishment of the nature and magnitude of a leakage conductance requires an
analysis of the reverse biased current-voltage characteristic which complicates the
measurement. [18] No published method accommodates a nonlinear series resistance. All
published parameter extraction techniques use many step-like graphical solutions and do
not lend themselves to automation of the measurement processes, which is crucial for the
selection of defective diodes in a mass production environment. [25]

The general relationship between current and voltage for a p-n junction diode is

given by Eq. (4.10) [10] - [13], [26] - [30]

IV, T) = 1(T) {exp[X(T)V] - 1} (4.10)

where |y is the saturation current, V is the bias voltage, and X is a coefficient. I, and X are
generally dependent on temperature T. For small forward-bias voltages, the exponential
term in the equation is very large; hence, the subtracted “1” is negligible and the forward-

diode current is often approximated as in Eq. (4.11):
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IV, T) = 1o(T) {expX(T)V]} (4.11)

The |-V plot of p-n junction diode under forward bias condition is presenting in fig. 4.4. It
is very interesting that the x-ray irradiated samples provide higher forward current with
approximately three orders of magnitude compared with non-radiated samples at 1.0 volt

of forward bias.

Table 4.2 Basic conduction processes

Conduction
A N
mechanism
Diffusion | o€ exp (-Eq /KT) A=g/KkT m=1
Recombination | o€ exp (-Ey/2KT) A=g/MkT M<2
Tunneling | o€ exp (-E/KT) A =const T = const
Thermionic | o€ [exp (—CDB /KT kT3/2 A= /KT n=1

E, is the energy gap, k is the Boltzmann constant, T is the absolute temperature, 1] is the

ideality factor, Er is the activation energy, and @y is the barrier energy.
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irradiation process only has impact to the Metal-Semiconductor contact layer in the
device.[42]

We analyzed the -V and C-V relationships for silicon p-n junction diodes before and
after soft X-ray irradiation. Under a forward bias (1.0 V), forward current is about two orders
of magnitude higher for all X-ray irradiated samples than for non-X-ray irradiated samples, as
measured at 303 K. The saturation current and ideality factor can be maintained and series
resistance can be improved using this soft X-ray irradiation process. Under reverse-bias
conditions, analysis of leakage current, carrier-generation lifetime, and activation energy
indicate that soft X-ray irradiation does not significantly create new defects in a device.
Thus, the soft X-ray irradiation process can improve the device series resistance under
forward-bias conditions. However, optimum process conditions may need to be specifically

developed for each particular device.
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Chapter 5

Conclusion

This thesis presents the electrical properties of p-n junction diode after irradiated by
X-ray various dose. The p-n junction diodes in the thesis were fabrication by using CMOS
technology at Thai Microelectronics Center (TMEC). The p-n diodes were simulation by the
p-n diode team before fabrication by using TCAD simulation program. The p-n junction
diode before and after irradiation were studied the electrical properties such as current-
voltage (I-V) and capacitance-voltage (C-V) characteristics. The -V characteristics were used

to calculate parameters as ideality factor (1]), series resistances (Rs), and reverse saturation

current (), which determines the zero bias barrier height (PB) and activation energy (£5).
Also the C-V characteristics were used to calculate as depletion width (W), built in voltage
(Vi) and carrier lifetime (T).

Also after p-n junction diodes were fabricated, it was radiated by X-ray under various
conditions. The X-ray was exposed directly on top side of the p-n diode.

Current-voltage characteristics of p-n diode are divided into 2 conditions,
forward bias and reverse bias. The current in X-ray irradiated p-n junction diode under
forward bias has increased approximately 1,000 times compare with standard device. The
change of forward current suspected caused by X-ray radiation change the mechanism of p-
n junction diode. The change in forward current parameter can explained using series
resistance (diode resistance), Schottky barrier height(SBH). The resistance of p-n junction

diode at saturation stage before radiation was 10 k(D and after radiated, it was decreased

down to 5 Q. The SBH for prepared sample is about 0.94 eV but the SBH decreases after
soft X-ray irradiation becomes 0.89 eV at X-ray quantity 7.11 X 10" R and remains insensitive

up to the X-ray quantity up to 2.01 X 10° R. The change of SBH may caused by the ion



87

losses energy via electronic energy loss (S.) value is larger than the ion that losses energy
via nuclear energy loss (S,) ,therefore, it may cause partial annealing of point defects that
produced by S,. These annealing of point defects is suspect lead to a decrease in the
interface state density at the MS interface which also results as a possible reason of causing

the change of diode resistance in X-ray irradiated device.

In the reverse bias condition, the leakage current was change after irradiated by X-
ray. The change of leakage current by X-ray irradiation cause from many factor such as (i) X-
ray dominate carrier in silicon bulk, and (ii) X-ray induced the defects or trapping center in
silicon bulk. X-ray may induced defects or change type defects, therefore, activation energy
is the important for confirm trap level of p-n diode after irradiation by X-ray. The activation
energy before and after irradiation are in the range of 0.63-0.68 eV. From the promising
results of Er before and after soft X-ray irradiation, it presents that the trapping center of p-n
junction diode is not change after irradiated by X-ray. Although, the trapping level confirmed
no change after X-ray but this technique cannot confirm the type of defects in silicon bulk.
The small change of the Arrhenius plot is also confirming the trapping level in the X-ray

irradiated devices. Therefore, Carrier generation lifetime were use to double confirm the
effect of X-ray on the leakage current. Carrier generation lifetime is changed from 1.3 Llsec
before irradiated by X-ray to 1.7 Usec, after soft X-ray irradiated, which is insignificant. The
leakage current after X-ray irradiation is also insignificant different compare with before X-

ray. The ideality factor that calculates in forward bias condition before and after X-ray

irradiation is also present insignificant change, which is near 1.0 in both conditions.

Our analysis of the effects of reverse-bias conditions suggests that soft X-ray
iradiation has insignificant impact to p-n junction and diode defects. However, soft X-ray

irradiation effect significant improvements in the forward-diode current as a result of
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changes in the Schottky barrier height at the Metal-Semiconductor contact layer in the
device.[42] However, optimum process conditions may need to be specifically developed

for each particular devices.

From these promising results, the soft X-ray irradiation process can be used to
improve electrical properties of p-n junction diode or electronics devices without creating
any damage or induced major defects in the p-n junction diode. The benefit of this thesis
will change the semiconductor work and increase opportunity of recover defective devices

in process which will help to save waste and cost in the future electronics market.
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Fig. 4 — Plots of ideality factor versus X-ray quantity for a p—n
junction diode before and after X-ray annealing, measured at
303K

Figure 5 shows plots of In(Ip) as a function of 1/kT
for p—n junction diodes before and after X-ray
annealing. The slope of an Arrhenius plot, Iy versus
/KT yields the activation energy'' Er. Activation
energy Et before X-ray annealing is ~1.21 eV and
after X-ray annealing is ~1.27 eV, which supports the
results shown in Figure 3. Er for a diode is the
minimum energy required to trigger temperature-
accelerated failure. The measured Er values thus
indicate a tendency for failure to be accelerated by
temperature; that is, a lower Er value favours
triggering of failure with temperature. Therefore, the
higher Er value of the X-ray annealed diodes,
compared with the non-X-ray annealed diodes, means
that their electrical properties are less sensitive to
changes in temperature. Furthermore, the measured Er
values are close to the energy gap of crystalline
silicon, ~1.12 eV. Thus, our results confirm that the
mechanism of current transport is dominated by
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Fig. 5—Plots of In(ly) versus 1/kT for a p-n junction diodes
before and after X-ray annealing under various conditions,
measured at 303 K
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Fig. 6 — Plots of forward I versus V (log-log scale) for a p-n
junction diodes before and after X-ray annealing under various
conditions, measured at 303 K

diffusion under both X-ray annealed and non-X-ray
annealed conditions’, which also corresponds to the
results for the ideality factor in Figure 4.

3.1.2 Forward-bias voltages of 20.5 V

At large forward-bias voltages, I-V characteristics
deviate from exponential dependence because of
voltage drops across the bulk of the diode. However,
as voltage increases even further, resistance
eventually decreases and current increases super
linearly.

Figure 6 shows plots of I-V characteristics for p-n
junction diodes before and after X-ray annealing. On
the log-log scale of the plots, I depends linearly on V.
This superlinear or power-law dependence is
characteristic of space-charge-limited currents®.

Figure 7 shows plots of series resistance (Rs) before
and after X-ray annealing. Below the turn-on voltage,
Rs decreases with increasing forward bias, and above
the turn-on voltage, it remains constant. Under
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Fig. 7 — Plots of series resistance versus bias voltage for p-n
junction diodes before and after X-ray annealing under various
conditions, measured at 303 K

forward bias, at p-n junction, the conduction-band
barrier decreases, enhancing electron flow from the
n-type to the p-type region and hole flow from the
p-type to the n-type region. Successive recombination
gives rise to the forward-bias current flow. As
forward-bias voltage increases, Rs decreases until the
conduction-band barrier becomes negligible, beyond
which it remains constant'®.

The Rs is the sum of total resistance value of the
resistors in series and the resistance in the
semiconductor device in the direction of current flow
or bulk and contact resistance'>'. To investigate the
origin of the change in Rs with X-ray soft annealing,
under forward bias, we evaluated the substrate
resistance, aluminium layer resistance and Schottky
Barrier Height (SBH) before and after X-ray soft
annealed as shown in Fig. 8. The effect of X-ray soft
annealing to p-n junction will be evaluated under
reverse bias condition.

The substrate and aluminium sheet resistance are
not significantly different before and after X-ray
annealed, as measured by the four-probe method.
Then, we evaluated the SBH before and after X-ray
soft annealed.

At high forward-bias voltages, V>3kT, current
transport in Schottky contact is due to majority
carriers. It may be described by thermionic emission
over the interface barrier. The experimental data are
fitted by the conventional thermionic emission

equationn'”, which is given by Eq. (1) and [, is given
by
Ip = AA*T® expl(~q®po)/kT] (5)
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Fig. 8 — Plots of sheet resistance of boron doped Si and
aluminium layer before and after X-ray annealing

where A*, A and ®py represent the Richardson
constant, the contact area and zero-bias SBH,
respectively. Plot of In(Jy/T%) versus g/kT should give
a straight line whose slope and intercept will give
barrier height.

The nature of the potential barrier between the
Fermi level in the metal and the conduction band edge
of the semiconductor at the interface is the most
important characteristics of the metal-semiconductor
interface. Since electrical contacts to semiconductors
require  metal-semiconductor  interfaces  and
depending upon this potential barrier height,
interfaces exhibit a modest resistance to current flow
in either direction or a high resistance in one direction
and low resistance in the opposite direction'.

Figure 9 shows plots of SBH before and after X-ray
annealing. The SBH for prepared sample is about
0.94 eV. The SBH decreases after X-ray soft annealed
becomes 0.89 eV at X-ray quantity 7.11x10* R and
remains insensitive up to the X-ray quantity up to
2.01x10® R. Thus, our results present that the X-ray
soft annealed device has lower potential barrier height
of metal-semiconductor interfaces than non-X-ray
soft annealed sample. These results are also suggested
to be the possible reason for causing decrease in Rs in
X-ray soft annealed devices.

3.1.3 Reverse bias

Saturation current J; under reverse bias is a
combination of diffusion current Iy and generation
current I, in the depletion region, as shown in Eq. (6):

=13+ BqniW/'tg (6)
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Fig. 9 — Plots of SHB versus X-ray quantity before and after
X-ray annealing

where B is the p-n junction area, n; is the intrinsic
carrier concentration, T, is the carrier-generation
lifetime, and W is the depletion-region width. The
latter can be calculated from Eq. (7):

W = Beg/C (7)

where €g; is the dielectric permittivity of silicon and C
is capacitance, which can be obtained from a plot of
capacitance-voltage (C-V) characteristics.

The equation for carrier-generation lifetime
(Eq. (8), below) is exactly in the form of Eq. (6)
reversed slope.

T = Bqn;Wi(Iy — Iy) ...(8)

Figure 10 shows plots of leakage current as a
function of depletion width for p-n junction diodes
before and after X-ray annealing. Under reverse-bias
conditions, changes in depletion width have
insignificant impact on diffusion current; thus, Eq. (6)
shows that leakage current depends on carrier-
generation lifetime, which may also be related to
device defects. Diffusion current can be determined
by extrapolation of the plots to zero depletion width,
and then generation current can be calculated.

Figure 11 shows plots of carrier-generation lifetime
as a function of depletion width for p-n junction
diodes before and after X-ray annealing. Carrier-
generation lifetime is essentially the same before and
after X-ray annealing, suggesting that annealing has
insignificant impact to diode defects and p-n junction.

To confirm this speculation, we analyzed the
activation energy of p-n junction diodes, which can be
used to study the types of defects in a p-n junction.
Accurate values of this activation energy can be
obtained from the generation current'®"®, Generation
current depends on temperature as follows:

A
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Fig. 10 — Plots of leakage current versus depletion width for p-n
junction diodes before and after X-ray annealing under various
conditions, measured at 303 K
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Fig. 11— Plots of carrier-generation lifetime versus depletion
width for p-n junction diodes before and after X-ray annealing
under various conditions, measured at 303 K

I, = [(QWBT"" +E)/,Jexp(~EkT), ...(9)

where W is the depletion width, Q is a constant, § is a
small number (<1) related to the temperature
dependence of the depletion width, <, is the
recombination lifetime and E; is the activation
energy’®.

Figure 12 shows sample of Arrhenius plots of
Ig/Tl'7 as a function of 1/kT for p-n junction diodes
after X-ray annealing with an X-ray quantity of
2.01 x 10® R under various reverse biases. The slope
of a line yields FEr.

The activation energy at difference reverse bias and
X-ray annealing conditions are summarized in
Fig. 13.

The E7 for all samples is in the range 0.63-0.68 eV,
which is close to the value of E /2 for crystalline
silicon (Eg ~1.12 eV), suggesting that X-ray soft
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Fig. 13 — Activation energy of p-n junction diode after X-ray
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annealing has insignificant impact to Er and the
recombination process in the silicon is likely the
dominant mechanism of current transport.

Our analysis of the effects of reverse-bias
conditions suggests that X-ray soft annealing has
insignificant impact to p-n junction and diode defects.
However, X-ray soft annealing effect leads to
significant improvements in the forward-diode current
as a result of changes in the Schottky barrier height.
The above results also suggested that the X-ray soft
annealing process only has impact to the Metal-
Semiconductor contact layer in the device®.

4 Conclusions

We analyzed the I-V and C-V relationships for
silicon p-n junction diodes before and after X-ray soft
annealing. Under a forward bias (1.0 V), forward

current is about two orders of magnitude higher for all
X-ray annealed samples than for non-X-ray annealed
samples, as measured at 303 K. The saturation current
and ideality factor can be maintained and series
resistance can be improved using this X-ray soft
annealing process. Under reverse-bias conditions,
analysis of leakage cumrent, carrier-generation
lifetime, and activation energy indicate that X-ray soft
annealing does not significantly create new defects in
a device. Thus, the X-ray soft annealing process can
improve the device series resistance under forward-
bias conditions. However, optimum process
conditions may need to be specifically developed for
each particular device.
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ABSTRACT

Operation lifetime of the X-ray detector is the major
factor that defines cost of detector or the actual operation
cost of the detector. The purpose of this paper is to study the
possibility of operation lifetime extension of the silicon
direct x-ray detector by enabling the activation energy, Er,
which is calculated from Current-Voltage and Capacity-
Voltage characteristics. In this paper, the study of the
device’s activation energy before and after device exposed
to the X-ray for 4, 54 and 204 second at 40, 55 as well as 70
keV were conducted. The 1 mm® p-n junctions were
fabricated by boron implantation process into phosphorus
doped silicon wafer. The results show that the leakage
current activation energy changes after exposed to the X-ray
which indicated that the types of defect have been changed.
The changes of these activation energies can be higher or
lower than the result before X-ray exposure, which depends
on type of defects. Further studies of the changes of leakage
current activation energy after X-ray irradiation are required
for deeper root causes analysis. However, the results in this
paper presented that the defects that caused by X-ray
irradiation are manageable.

Index Terms— X-ray detector, p-n junction, leakage
current, activation energy

1. INTRODUCTION

The X-ray detector is widely use for medical analysis.
However, its utilization has limit not only by safety concerns
but also by its cost. The X-ray detector itself is expensive,
which results high cost of operation. The cost of operation
can be reduced by extending the detector operation lifetime,
which will increases its cost benefit for longer operation and
increase opportunities for people to access to this machine.

In this paper, we concentrate on study the possibility to
extend X-ray detector operation lifetime by analyst the
leakage current activation energy of p-n junction before and
after exposed to the X-ray at different conditions of energies
and times. This parameter is used as a monitoring method
for the device performance as well as device degradation
since it can be referred to types, affect and value of defects
or lattice disorders in the p-n junction effective area.

2. EXPERIMENTAL

The <I111> orientation 120-134 ohm.cm resistance
silicon substrates with 1pm thickness of silicon dioxide were
used to fabricated p-n junctions. The wafers were sent into
photolithography and etch processes to open 1 mm* of
silicon dioxide window. After that wafers were sent into
boron implantation process with dose of 1X10' jon/cm? at
energy of 120 keV condition and continue with 1050 °C
thermal process for 600 minutes. Then the wafers were sent
into metallization process to create lum thickness of
aluminum layer at both sides. The 2™ photolithography and
etch processes were conducted to create aluminum patterns
then anneal at 400°C for 30 minutes. Wafers were sent into
sawing process after that chips were assemble on PCB
before finished with the connectorization process. At this
point the chip is ready to connect to test circuit outside.

A laboratory x-ray source was used to generate X-
ray in these experiments. The Current-Voltage (I-V)
characteristic and Capacity-Voltage (C-V) characteristic
were measured by HP4156B. The same samples were test
before and after exposed to the X-ray with the exposure
energy condition of 40, 55 and 70 keV and exposure time of
4,54 and 204 seconds.
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3. RESULTS AND DISCUSSION

The general relation of Current-Voltage of p-n junction
diode is presented in equation (1). [1-3]

1=1, [exp(qV /kT)-1] M

Where 1, is the saturation current, V is the bias voltage, k
is the Boltzmann’s constant, q is the electronic charge
constant and T is the absolute temperature.

In case of reverse bias, the saturation current is
presenting in equation (2), which is the combination of the
diffusion current (Is) and the generation current (I;) that
generate in the depletion region.

I = I+ AqniW/ =, )

Where A is the area of p-n junction, n; is the intrinsic carrier
concentration, W is the width of depletion region and 7 is
carrier generation lifetime,
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Figure 1. The leakage current versus depletion width of p-n
junction before and after 70 keV of X-ray irradiation at
various exposure time conditions.

According to the experimental results, the leakage current
versus depletion width for p-n junction before and after X-
ray irradiation with energy of 70 keV for difference
exposure times are shown in Figure 1. The depletion width
was calculated from the C-V Characteristics [4]. The
leakage current increased at larger depletion width (higher
reverse bias). Assuming, the diffusion current is biasing
independent, the diffusion current can be found from the
extrapolation to zero depletion width. Then the generation
current can be calculated from Eq. (2). The results are

ITC-CSCC 2010

shown in Fig.2 The generation current change after X-ray
irradiation. However, the change of depletion width has
insignificantly impact to the leakage current at reverse bias
condition as reported in [4]. Therefore, generation current, is
mainly depends on the carrier generation lifetime, which
may relate to defects in its device.
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004
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40c10° 6.0x10° 80x10° 1.0x10° 1.210° 1.4x10° 1.6610° 1.8¢10* 20x10*

Depletion width (m)

Figure 2. The generation current versus depletion width of
p-n junction before and after 70 keV of X-ray irradiation at
various exposure time conditions.

The analysis of leakage current activation energy in p-n
junction diode can be used to study types of defects in p-n
junction. Accurate activation energy value can be found
from the generation current [5]. The generation current as
function of temperature can be described by

I;= [(QWAT""*%)/1,] exp(-Er/kT) 3)

Where W is depletion width, A is the junction area, Q is a
constant value and £ is a small number (<1) related to the
temperature  dependence of the depletion width,
recombination lifetime # and activation energy Er, k is the
Boltzmann constant and T is the absolute temperature. [5]

Figure 3 show an Arrhenius plot, I/T"” vs 1/KT of
generation current after X-ray irradiation with 70 keV for
204 seconds at difference reverse bias. The slope of the plot
yields the activation energy Er. The activation energy at
difference reverse bias for difference X-ray exposure energy
and time are summarized in Fig. 4.
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Figure 3. Arrhenius plot, I/T 7 vs 1/KT of generation
current after X-ray irradiation with 70 keV for 204 seconds
at difference reverse bias.

From figure 4, the maximum activation energy of all
three samples before exposed to the X-ray is in the range of
0.63 to 0.68 eV. The activation energy reduces after 54
seconds of X-ray exposure in all studied exposure energy
conditions but the results of activation energies after
exposed to the X-ray for 4 and 204 seconds are not
obviously different compare with the result before expose to
the X-ray. The results of activation energy after 204 seconds
of X-ray irradiation are highest in 40 and 70 keV condition
but it is not the case of 55 keV condition. This indicates that
the defects were changed after the X-ray irradiation. In order
to manage these defects for X-ray direct detector, more
studies are needed.
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4. CONCLUSION

This paper is clearly presented that in certain condition the
X-ray is obviously affecting the activation energy of device
after exposed to the X-ray. In other hand, the X-ray crated
additional defects in device after exposed. The detail study
of these defects is requiring for determine the types and
amount of these defects, which will lead to the development
of device defects controlling process in future. The final
objective of this research is to develop the process of defect
level control in device that can be used for extend operation
lifetime of the direct type of X-ray detector.
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Abstract— Operation lifetime of the X-ray detector is the major
factor that defines cost of detector or the actual operation cost of
the detector. The purpose of this paper is to study the possibility
of operation lifetime extension of the silicon x-ray detector. The
study of the device’s carrier generation lifetime before and after
device exposed to the X-ray for 4 and 150 second at 40, 55 as well
as 70 keV were conducted in this paper. The 1 mm’ p-n junctions
were fabricated by boron implantation process into phosphorus
doped silicon wafer. A commercial x-ray source for dentist was
used to generate x-ray in these experiments. The carrier
generation lifetime was calculated from current-voltage (I-V) and
capacitance-voltage (C-V) characteristics. The results show that
the carrier gencration lifetime increased after 4 second of x-ray
irradiation at all three energy conditions but decreased back close
to the original value after continue exposed devices for another
150 second. However, the lowest point of the generation lifetime
after 4 second of x-ray irradiation is depending on the level of
energy used. The results also presented that the defects that
caused by x-ray irradiation are manageable.

Index Terms— X-ray detector, p-n junction, leakage
current, generation lifetime

I. INTRODUCTION

The X-ray detector is widely use for medical analysis.
However, its utilization has limit not only by safety concerns
but also by its cost. The X-ray detector itself is expensive,
which results high cost of operation. The cost of operation can
be reduced by extending the detector operation lifetime, which
will increases its cost benefit for longer operation and increase
opportunities for people to access to this machine. In this
paper, we concentrate on study the possibility to extend X-ray
detector operation lifetime by analyst the carrier generation
lifetime of p-n junction before and after exposed to the X-ray at
different conditions of energy and time. This parameter is used
as a monitoring method for the device degradation since it can
be refer to amount of defects or lattice disorders in the p-n
junction effective area which lead to a breakdown condition of
the device.

978-1-4244-5607-9/10/$25.00 ©2010 ECTI

II.LEXPERIMENTAL

The <111> orientation 120-134 ohm.cm resistance silicon
substrates with 1um thickness of silicondioxide were used to
fabricated p-n junctions. The wafers were sent into
photolithography and etch processes to open 1 mm® of
silicondioxide window. After that wafers were sent into boron
implantation process with dose of 1X10" ion/cm? at energy of
120 keV condition and continue with 1050 °C thermal process
for 600 minutes. Then the wafers were sent into metallization
process to create 1pm thickness of aluminum layer at both
sides. The 2" photolithography and etch processes were
conducted to create aluminum patterns then anneal at 400°C for
30 minutes. Wafers were sent into sawing process after that
chips were assemble on PCB before finished with the
connectorization process. At this point the chip is ready to
connect to test circuit outside.

The Current-Voltage (I-V) and Capacity-Voltage (C-V)
characteristic were measured by HP4156B. The same samples
were test before and after exposed to the X-ray with the
exposure energy condition of 40, 55 and 70 keV and exposure
time of 4 and 150 seconds.

III. RESULTS AND DISCUSSION

Current-Voltage of p-n junction diode use for X-ray detector
is presented in Figure 1., which can be explained by equation

(1).[1-3]
qV
I=1 —1-1
o[exP(kT) ]

Where I, is the saturation current, ¥ is the bias voltage, & is the
Boltzmann’s constant, g is the electronic charge constant and T
is the absolute temperature.

(1)

780



In case of reverse bias, the saturation current is presenting in
equation (2), which is the combination of the diffusion current
(1) and the generation current, which generate in the depletion
region.

Ig =Id + Aqn,W/z;; (2)

Where A is the area of p-n junction, #;is the intrinsic carrier
concentration, W is the width of depletion region and 7 is
carrier generation lifetime.
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Figure 1. Leakage current versus reverse bias of the p-n junction diode

According to our experiment results, the leakage current
versus reverse bias (Figure 1) shows increment of the leakage
current at higher reverse bias (larger depletion width higher
reversed bias voltage), which can be surely explained by
equation (2). Assuming, the diffusion current is biasing
independent, the increment of leakage current at higher reverse
bias is mostly the result of generation current. This current
depends on the width of depletion region, which can be
calculated using equation (3).

W=Ag C (€)]

Where & is the dielectric permittivity of silicon, C is the
capacitance, which can be obtained from the capacitance-
voltage (C-V) characteristics as shown in Figure 2.

The diffusion current can be calculated from the relation of
leakage current and depletion width as in Figure 3. In this case,
the diffusion current is 0.08 nA at zero depletion width. The
carrier generation time can be calculated from the slop in
Figure 3., which is the average of 8 s in this graph. The carrier
generation lifetime can also be calculated using equation (4)
which is exactly in the form of the equation (2) reversed slope.
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Figure 2. Capacitance-voltage (C-V) characteristics of p-n junction diode.
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Figure 3. The leakage current versus the depletion width of p-n junction diode.

Table L. The diffusion current for difference conditions X-ray irradiation

Exposed time Id @40keV Id @55keV Id @70keV
® (nA) (nA) (nA)
non 0.08 0.08 0.04
4 0.09 0.1 0.06
4+150 0.07 0.06 0.03
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Figure 4. show the relation of leakage current and depletion
width before and after X-ray irradiation with different expose
energy and time. The diffusion current which is obtained from
Figure 4., are summarized in Table I. The diffusion current
increase after X-ray irradiation with 4 seconds and reduce back
close to the original with 4+150 seconds in all the study energy.
This may relate to the X-ray induced defects for either
temporary or permanently one which possibly depend on
energy levels of the X-ray irradiation. Different types of defects
could be induced simultaneously in combination and may
either suppress or enhance the generation current which lead to
unorthodox behavior of the experimental results. However
further accurate studies have to be applied to clearly explain
this results.

Also from Figure 4., the leakage current versus depletion
width before and after 4 and 150 seconds of X-ray irradiation
at 40 keV and 55 keV is not significantly difference. It clearly
shows the impact of X-ray irradiation at higher reverse bias in
case of expose energy of 70 keV. The leakage current reduced
after 4 seconds of X-ray irradiation with the energy of 70 keV
and the leakage current increased close to the original value
after continue exposed to the X-ray for another 150 seconds.
These effects may relate to the defects. These defects can be
studied from the generation lifetime.

The curve of generation lifetime, which are calculated from
equation (4) versus the depletion width for difference X-ray
irradiation energy and time are shown in Figure 5. From
Figure5., the carrier generation lifetime was increased after
device is exposed to the X-ray for 4 seconds in all energy
conditions. However, it reduced back to the original value after
continue expose to the X-ray for another 150 seconds. The
maximum increasing of 1 pus of generation lifetime for the X-
ray exposed energy of 40 and 55 keV with 4 seconds has been
found. In case of X-ray exposed energy of 70keV with 4
seconds the value of 7us has been obtained. Also in Figure 5.,
higher X-ray exposure energy will results higher carrier
generation lifetime. The peak of each graphs are also present at
different depletion width. The higher X-ray exposure energy
has lowest generation lifetime at the wider depletion width.

This indicates that the longer operation lifetime will be
achieved for lower dose operation. This can also be mentioned
that the defects possibly be annealed by the X-ray. And for
prolonging X-ray detector lifetime, longer exposure after
typical sensing operation may be concerned. However, in this
case, cost per operation hour of X-ray tube and X-ray detector
is a trade off and have to be optimized.
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Figure 4. Leakage current versus depletion width before and after 4 and 150
seconds of X-ray irradiation at a) 40 keV, b) 55 keV and ¢) 70 keV.
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IV. CONCLUSION

The reduction of leakage current at 4 seconds of X-ray
irradiation is the result of the change of the carrier generation
lifetime. The value of leakage current is close to the original
value after exposed device to the X-ray for another 150
seconds because of the change of defect level in the p-n
junction. Therefore, the defect level control in device can be
used for extend operation lifetime of the X-ray detector.
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