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ABSTRACT. The amount of ionizing radiation that semiconductor devices encounter during
their lifecycle degrades both of their functional and electrical parameter performances. Different
radiation environments either in space, high energy physics experiments, nuclear environment or
fabrication process as well as for standard terrestrial operation possess an impact on the device.

The development in the semiconductor industry, however, is not driven predominantly with space
applications or radiation hardness alternatives. Hence, there is a need to access the effects of
ionizing radiation on semiconductor devices. This designed system offers the ability to access the
changes in the properties of the semiconductor devices when being irradiated by integrating in situ

method. This is to identify the hardness of the semiconductor devices under test to be used within a

range of ionizing radiation environment and to evaluate their operating region under radiation

environments. This system developed provides a better accuracy in term of data acquiring and it is

different from the conventional methods that the changes in electric characteristics of the devices

are analyzed at post-irradiations.
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INTRODUCTION

Interaction of semiconductor devices with energetic ionizing photons (gamma rays and x-rays)
leads to the mechanism of ionization damage (Messenger & Ash, 1992). This damage arises due
to the following interactions: photoelectric effect, Compton Effect and pair production
depending on the photon energy, £, (Najim, 2009). Therefore, the semiconductor device that
exposed to an ionizing radiation environment typically endures degradation in one or more on
its performance parameters.

Atthe low energy extreme for x-rays which is of the order of a few keV, the interactions
are mainly through photoelectric effect that a photon is absorbed by an atom and one of the
atomic electrons, photoelectron is released (Krane, 1988). The photoelectric effect that
undergoes in semiconductor devices causes a bonding valence electron to be emitted into the
conduction band across the band gap, £, leaving behind a hole. This yields the creation of a free
electron-hole pair.

For higher energy photons, the main interaction with matter is due to the Compton Effect.
Compton Scattering occurs when the incident photon is deflected from its original path due to the
interaction with an electron that is free or relatively bound to an atom (Messenger & Ash, 1992). In
this interaction, the photon loses energy as part of the photon energy is transferred to the electron
which in turn yields the emitting of a secondary lower energy photon. If the energy is above the
threshold, this photon can again be absorbed to create a second electron-hole (E-H) pair. Hence, an
average number of £,,,/ E,, carrier pairs will be generated in the semiconductor material, which is
proportional to the original photon energy (Claeys & Simoen, 2002).

59



Chee Fuei Pien, Haider F. Abdul Amir & Saafie Salleh

As for very high energy photons, the interaction that most probably occurs is the pair
production. Pair production is the formation of an electron and a positron from sufficiently
energetic photon traveling through matter, usually in the vicinity of an atomic nucleus without
violating the conservation of momentum (Heyde, 1999). The energy is conserved in this
interaction that the kinetic energies of the moving electron and positron with their equivalent
mass (m), E=mc’ add up to the energy supplied by the initiating photon (Lowenthal & Airey,
2001). The atomic nucleus as the third interacting particle in this interaction is necessary in
conserving the momentum.

The Linear Energy Transfer (LET) function, pm™' fJ—E is used to determine the total
X

energy deposited in the semiconductor material through ionizing interactions (Claeys &
Simoen, 2002). In this function, pm represents the density of the material interacted, E is the
radiation energy whereas dx is an elementary trajectory in the material.

This paper explores the feasibility and accuracy of integrating in situ method in a data
acquiring (DAQ) system. This comes along with the objective of placing this system into a
processing tool to obtain real time measurement of changes in the selected semiconductor
devices induced by radiation.

SUMMARY OF SYSTEM DESIGNED FEATURES

A. Overview

This data acquisition system developed is comprised of three parts; an I/O hardware (driver
circuit), a host computer and the controlling software. The in situ operation occurs without
interrupting the normal state of this system and it is the key element in monitoring the local
conditions of an operating device in radiation environment.

This applied technique has numerous advantages such as increased measurement
speed, reduced sensor introduction cost, and increased spatial and temporal resolution. This
application also produces a high accuracy system as it improved the process monitoring; reduce
product variance and higher throughput.

B. Hardware Physical Model
The data acquiring hardware will be based on two ways interface which are the analog to digital
converter (ADC) and digital to analog converter (DAC).

Analog to digital conversion is used in this system to compare a series of trial analog signals to
the analog signal to be measured until two signals match within a specific tolerance. The analog signal
will then be converted to digital format, which can be interpreted by the host computer. The code width
of this 16-bit ADC with a full scale voltage of 10V is approximately 0.1526 mV. Therefore, a very
small change occur in the devices during irradiation is reliable to be detected.

The method of analog to digital conversion used in this system is Voltage to Frequency
Converter (VFC). VFC is a generator which the output frequency is proportional to an input
voltage. The construction of the VFC is as shown in Figure 1. This VFC contains two stage
operational amplifiers (Op amp) and a precision pulse generator (NE555). The first stage Op
amp is configured as a Miller Integrator together with an R-C network whereas the second stage
Op amp is operated as a comparator.
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Figure 1. The Construction of Voltage to Frequency ADC.

The integrator action of the first stage Op amp arises from the combination of high
negative gain, 4 of the amplifier and an increase in the equivalent input capacitance that appears
across the Op amp input terminals. This increase in the input capacitance is given by

C=(1+4)AC (1)
where AC's the feedback capacitance.

The Miller effect will then affect the input impedance and the frequency response of the
amplifier. The signal outputted from the first stage Op amp consists of excessive rounding in both of the
rising edge and the falling edge of the signal during the charging and discharging process of the R-C
network. Hence, the signal will be fed to the second stage Op amp which configured as a comparator in
ordertosampleand interpret the signal.

The analog input V,, of the comparator is grounded (0V) which is configured as the reference
voltage, V... Hence when the signal applied to the analog input V , of the comparator is greater than the
V. (0V), the output of the comparator will produce a digital high level (logic 1). When the analog input at
V. 1sless than the analog input V,, the output of the comparator is a digital low level (logic 0). The signal
isinverted by the 555 timer circuit which is configured as monostable mode in order to obtain a lower duty
pulsesasshowninFigure 1.

This process repeats continuously, producing a digital pulse-train at the VFC output.
The output waveform of the VFC is as shown in Figure 2. As the input voltage increases, the
time constant, # will increase which in turn cause arise in the frequency.

Figure 2. The output waveform of the VFC.
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The 4 bit DAC implemented performs the transformation from the digital domain to the
analog domain. This DAC takes digital inputs and generate an analog voltage or current as
output to control the device under test (DUT) by receiving commands from the host computer.
The output generated by this DAC will be remained until it receives another value from the
computer. The block diagram of microprocessor digital to analog converter interface is as
shown in Figure 3. Consequently, the measuring hardware is equipped with timing circuitry to
produce a pulse train of a constant frequency to control the ADC and DAC.
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Figure 3. Block diagram of microprocessor digital to analog converter interface.

The ADC and DAC interfaces are collectively known as semiconductor device driver
circuit. This peripheral driver circuit is integrated by an I/O serial adapter to the microprocessor.
This I/O adapter is selected by sending out its address on the address bus and then using control
signals to write or read from the driver circuit.

C. Software Development and Graphical User Interfaces

The software is developed using Visual Basic programming language. It consisted of
programming codes running under the DOS and Windows operating system. The process flow
ofthe main software developed is as shown in Figure 4.

The functionality of the software can be divided into two parts EXE application files.
The first part serves as the asynchronous protocol in the serial communications between the
hardware and software. The Graphical User Interface (GUI), namely Serial Port Configuration
is as shown in Figure 5. It is designed mainly to detect the address of the I/O serial adapter that
integrated the driver circuit and for some basic configuration settings of communication.

A Start Conversion (SC) signal is generated when the correct address transmitted by the
microprocessor activates the I/O adapter. At the end of the conversion, the ADC sends signals to
the control circuit that the conversion is over and that the data can be read. This is indicated by
the End Of Conversion (EOC) signal. This serial transmission between the driver circuit and
/O serial adapter is as shown in the Figure 6.
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Figure 4. The flowchart of the developed software.
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Figure 6. Block Diagram of the Serial Transmission between the
Control Circuit and the 10 Adapter.

The second part of the software is used to monitor the changes in parameter of the
devices under test (DUT). The GUI of the application, namely Software Interface is as shown in
Figure 7. This EXE application file performs the following functions:

(a) Processing the input digital signals, including arithmetical operations, comparison,

ordering, and code conversion,

(b) Display in numerical form,

(c) Transmission,

(d) Storage for further data handling, and

(e) Changing the characteristics (current and voltage) of the devices under test (DUT).
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Figure 7. The GUI of the Software Interface

RADIATION TEST PROCEDURE

Exposures are conducted with gamma ray sources, Cobalt-60 (Co-60) source on optoelectronic
devices. The water is transferred into irradiation chamber through matrix pumps by means of
piston pump. This process is computerized and operated by hydraulic system. The water is then
allowed to flow continuously throughout matrix pipes which placed in a special configuration,
whereby Co-60 will be situated in between matrix pipes upon lifting up from underground. This
special configuration control the distance between the optoelectronic devices under test and
Co-60 source, allowing equal exposure of radiation.

The input voltage of the particular device can be varied from a distance of
approximately 15m in a control room during irradiation and the effect can be observed directly
using in situ method. The schematic drawing of the test setup for in situ testing is shown in
Figure 8. The information and status of the devices under test (DUT) will be transmitted
through the driver circuit based on an ADC circuit into the PC. Cables used to connect this
system should never be led to any serious distortion of the shape of signals or the degradation of
reliability in data communication. The temperature dependence of the charge deposition in the
sampling device will be monitored with an electronic thermometer using LM35 precision
centigrade temperature sensor.
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Figure 8. Co-60 Irradiation Test Setup

The ionizing radiation releases high energy charged particles in almost every material. When
these reactions take place near the sensitive region of the DUT, electric charges induced by the
ionization effect of the high energy particles will change the bias voltage of the sampling device.
However, these changes are not permanent and are recoverable with the control signals from the PC.

The optoelectronic devices used in this test consisted of a Plastic Infrared Light Emitting
Diode (QEE 113) coupled to a Plastic Silicon Infrared Phototransistor (QSE 113). The phototransistor
eventually acts as areference sensor in this test. The Setup ofthe devices is as shown in Figure 9.

Electrical measurements are performed in sifu by connecting this setup of DUT to the
driver circuit board built via a double shielded cable. This board serves as the power supply to
the DUT. Moreover, it also acts as a measuring tool to real time monitor the changes in the
output power of the reference phototransistor at various dose levels and distances of photo
coupling with the input light current I, as a changing parameter.
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Figure 9. Schematic of Experimental Setup for Optocoupler
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RESULTS AND DISCUSSION

Figure 10 shows the results obtained for this setup at pre-irradiation under room temperature. It
measures the phototransistor's V., at a selected value of 7,=100m4 for the IR diode.

The in situ test was carried out during irradiation for an absorbed dose of 10 krad which
take 32 minutes. The ex situ test, however, was taken at post-irradiation of 10 krad using another
new set of identical optoelectronic devices for 32 minutes. Another set of control experiment is
also being run for 32 minutes without radiation and it served as the reference test.

From the results obtained, it is found the V., is always higher with the existencevof
radiation. This occurs in both of the in situ test and ex situ test. The results gained showed great
variation between the in situ test and ex situ test where the readings of V. that obtained during the in
situ test are continuously lower than that of ex situ test. As a result, this system developed is
necessary in order to monitor the characteristic of the devices during irradiation in'ON' condition.

“oltage vs Dose
?6 T T T T T T T T T

== =|n-situ Test
7595 ——Ex-situ Test []

""""" Reference Test

Pl

75851
758

75751

Voltage, VCE

7.57

7565 F

756 .

7555 .

7.55 : = : : — : : :
0 1 2 3 4 ] B 7 ] g 10
Dose Absorbed (krad)
Figure 10. The Phototransistor's V', at /.= 100mA for the IR Diode.

CONCLUSIONS

By using the conceptual of in situ method applied in this system, the changes in semiconductor
devices characteristics are observed and measured directly when the devices are irradiated with
gamma ray sources, Cobalt-60 (Co-60).

This implemented data acquisition system also offers a quick method for determining
the weak links in an existing system, and an approximation system radiation tolerance at whole.
Understanding the mechanism of these damages will be of great help to anticipate the next step
of preparation as to strengthen the resistance of these electronics devices against the radiation.
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