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Automated MOS Transistor gamma Degradation
Measurements Based on LabVIEW Environment

Slimane Oussalah and Boualem Djezzar
Centre de Développement des Technologies Avancées (CDTA)
Algeria

1. Introduction

In recent years, the study of the effects of ionizing radiation in thin gate oxides has received
increasing attention. This is due not only to the appearance of new lithography tools for
ultra low scale integration (ULSI) technologies, that use X- rays or e-beams, but also for the
interest of space, medical, military or high-energy applications, where the complementary
metal-oxide-semiconductor (CMOS) read-out circuitry will be subjected to a very hostile
radiation environment.

A major concern in the reliability of metal-oxide-semiconductor field effect transistor
(MOSFET) devices is the formation of interface traps and near-interface oxide traps; called
also border traps; under hot carrier injection, irradiation and processing. Traps at or near the
semiconductor/gate dielectric interface can cause degraded transconductance (Doyle et al.,
1990), the shifting of threshold voltage (Tsuchiya et al., 1987) and may lead to dielectric
breakdown (Chen et al., 1985). In order to improve the resistance of MOSFET devices to
these effects, it is necessary to have a reliable method of determining the densities of both
interface traps and oxide traps (Djezzar et al., 2004).

The reliable test procedure to predict radiation response of integrated circuits (IC’s) from
standard test laboratory, for example in space, is very important and requires a
development of simple and rapid electrical characterization techniques easily mountable in
production line. Therefore, intensive works have been carried out on the electrical
characterization techniques for MOS gate oxide and Si/SiO; interface degradation caused by
radiation (Schwank et al., 1993). The charge pumping (CP) technique (Groeseneken et al.,
1984) is a valuable tool for all kind of traps characterization.

In this article, we present an automatic measurement bench programmable by the IEEE-488
bus that permits to characterize MOSFET device degradation induced by gamma radiation
at low doses. This characterization permits to extract threshold voltage and flatband voltage
for virgin and irradiated samples. Moreover, the determination of the breakpoint frequency
that represents the limit between interface and border trap contributions to the charge trap
is automatically extracted. The measurement bench is managed by a program, written by a
graphical language LabVIEW. LabVIEW is a powerful, platform-independent, graphical
programming development system which is ideally suited for data acquisition, storage,
analysis, and presentation.
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2. The LabVIEW environment

LabVIEW (short for Laboratory Virtual Instrumentation Engineering Workbench) is a
program development application from National Instruments, much like various C or
BASIC software development tools. It is, however, different from those applications in one
important respect. LabVIEW uses a graphical language (G), to create programs in block
diagram form while other programming tools use text-based languages. LabVIEW includes
libraries of functions and development tools designed specifically for instrument control. It
has application specific libraries for data acquisition, serial instrument control, data analysis,
data presentation and data storage.

Nowadays, not only is LabVIEW everywhere (Fig. 1), but it offers something for every
scientist and engineer. All levels of users, ranging from experienced to non-programmers,
will benefit from the interactive, configurable tools, enabling LabVIEW to be used as a one
integrated tool for measurement and automation throughout the design process.

The LabVIEW system provides an intuitive, graphical interface for the automated control of
laboratory equipment. For each specific type of measurement, a virtual instrument (VI) is
created. A VI can be regarded as the software equivalent of a single piece of laboratory test
equipment, even though the measurement it represents may involve any number of
different laboratory units.
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Fig. 1. LabVIEW is everywhere.

Each VI contains three main parts:

- Front Panel: how the user interacts with the VI.

- Block Diagram: the code that controls the program.

- Icon/Connector: Means of connecting a VI to other VIs.
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All of the measurement parameters can be varied by manipulating a front panel (Fig. 2)
which is the graphical equivalent of the push buttons and knobs on a test set, allowing a
user who is not familiar with the programming to operate the setup easily

The Front Panel is used to interact with the user when the program is running. Users can
control the program, change inputs, and see data updated in real time. Stress that controls
are used for inputs- adjusting a slide control to set an alarm value, turning a switch on or
off, or stopping a program. Indicators are used as outputs. Thermometers, lights, and other
indicators indicate values from the program. These may include data, program states, and
other information.

On the front panel of a VI, we place the controls and data displays for our system by
selecting objects from the Controls palette, such as numeric displays, buttons, knobs,
switches, meters, gauges, thermometers, tanks, LEDs, tables, arrays, charts, and graphs.
When we complete and run the VI, we use the front panel to control our system whether we
move a slide, zoom in on a graph, or enter a value with the keyboard. The front panel also
serves to document the experiment; a hard copy yields results as well as all of the input
parameters on one sheet.
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Fig. 2. LabVIEW front panel window.

The programming which coordinates the operation is accomplished graphically in the
diagram panel Window using a dataflow language described by an example in Fig. 3.

To program the VI, we construct the block diagram without worrying about the syntactical
details of text-based programming languages. We do this by selecting objects (icons) from
the Functions palette and connecting them together with wires to transfer data among block
diagram objects. These objects include simple arithmetic functions, Programming
Structures, Signal Processing, advanced acquisition and analysis routines, network and file
I/O operations, and more.
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Fig. 3. LabVIEW block diagram window.

3. Set-up and experimental procedure

3.1 Device and irradiation details

Samples investigated in this work are test structures, which were designed in Microelectronics
and Nanotechnology Division of CDTA (Centre de Développement de Technologies
Avancées) and fabricated in ES2 (European Silicon Structure) foundry. The different NMOS
transistors within test structures were fabricated using a conventional (soft process) dual layer
metal CMOS 2 pm N-well technology on p-type silicon <100> substrate with normal
concentration of 7.6x1015 boron/cm3, N+-poly-silicon gate, and 40 nm thick gate oxide layer
grown in dry O,. The gate capacitance per area unit, Cox is about of 8.6 10-8 F.cm2.

The radiation was performed at the CRS (Centre de Radioprotection et de Sureté)
Laboratories, Algeria. Irradiation is performed at low doses up to 250 krad on non-packaged
samples with gate lengths varying from 2pm to 20um and width of 80 um and 300 um by
using 1.25 MeV y-rays at room temperature. The y -ray was produced by 60Co cell with low-
dose-rate of 200 rad/min. We have characterized the radiation effects at low doses on
NMOS transistors. Thereafter, the electrical characterization is achieved by using standard
charge pumping technique (CP) at high frequencies.

3.2 Experimental set-up

The experimental set-up details of the standard CP technique are shown in Fig. 4. The
MOSEFET source/drain terminals have been grounded, the gate terminal has been pulsed by
applying a triangular pulse train with amplitude AV of various frequencies, and the
substrate terminal has been grounded via a pico-ammeter. The measurements have been
performed at room temperature and by using a sensitive Keithley 617 electrometer, Keithley
3940 multifunction synthesizer, and Karl Suss PA300 micro-manipulator semi-automatic
probe station.
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For all measurements, a reverse bias is applied to the source and the drain diodes. When the
gate is pulsed between inversion and accumulation conditions (from above the threshold
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Fig. 4. Experimental setup for charge pumping measurement.
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Fig. 5. Description of the automatic measurements bench.
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voltage to below the flatband voltage), trapping and recombination of carriers under these
non equilibrium conditions gives rise to a net DC current that can be measured at the
substrate. For relatively high frequency pulses (1 MHz), the CP current is proportional to the
average density of interface traps which are physically located within 1 nm of the
semiconductor -dielectric interface (Paulsen et al., 1992).

The test circuit chip within the probe station were isolated from vibration and enclosed in a
grounded faraday box to avoid both RF and light effects. A computer has been programmed
to control the measurement system, record the data, and extract the parameters. The control
of instruments has been realized by a program developed with the LabVIEW software via
the GPIB IEEE-488 bus.

Since the whole system is in this case based on computer (Fig. 5), the data is easily ported in
ASCII form to other programs or even shared via networking with other machines.

4. Theoretical background

A commonly used definition of threshold voltage is that gate voltage for which the surface
potential (¢s) in the semiconductor below the gate oxide is given by:

$s =2¢r (1)

where ¢r (V) is the Fermi level potential.
Thus, the threshold voltage (Schroder, 1998) is given as follows:

2geN 4 (2
Vin = Pms + 20 + 12N A (24r) ~ Srota (2)
COx Cox

where,

g (C) is the electron charge,

&i (F/cm) is the permittivity of silicon,

Na (cm) is the substrate doping,

Cox (F/cm?) is the gate oxide capacitance per area unit,

oums (V) is the metal-semiconductor work function difference,

Qr(C/cm?) is the total charge density in SiO,/Si system.

According to the Deal nomenclature (Deal, 1980), there are four general types of charges
associated with the SiO,/Si system. Fleetwood (Fleetwood, 1992) has completed this picture
of charges by introducing a new charge type termed border trapped charge (Qgr) as
illustrated in Fig. 6. Thus Qr is given by (Djezzar et al., 2004):

Qr =Qr +Qum +Qor +Qur +Qpr (3)
where,
Qr (C/cm?) is the fixed charge density,
Qum (C/cm?) is the mobile oxide charge density,
Qor (C/cm?) is the oxide-trapped charge density,
Qrr (C/cm?) is the interface-trapped charge density,
Unlike fixed oxide charge, oxide trapped charge, and mobile oxide charge, interface trapped
charge is in electrical communication with the underlying silicon. by substituting eq. (3) in
eq. (2), Vtu can be written as:
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Fig. 6. Schematic illustration of different charges in MOS devices.
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When MOS transistors are exposed to various types of stress such as ionizing radiation, FN
injection, or hot carrier injection, the gate oxide and SiO,/Si interface are damaged. This
degradation is induced by the creation of oxide-trapped charge (AQor) and interface trapped
charge (AQir). The different charge increments are shown in fig. 2. Contrary to Qor, Qir, and
and Qgr, Qr and Qu are not affected by these ionizing stresses. Consequently, the threshold
voltage shift caused by uniform stresses (FN stress or radiation effect) is given by:

AV = _AQr  AQor _ AQpr
H="c C C
0X 0X 0X

®)

where,

AQrr (C.cm?) is the radiation-induced interface trapped charges,

AQgt (C.cm?) is the radiation-induced border trapped charges,

AQor (C.cm?) is the radiation-induced oxide trapped charges.

Generally, the net radiation-induced oxide and border charges, AQor and AQgr respectively,
are positive and induce a negative shift in Vry. However, AQir can contribute either a net-
negative or net-positive charge, depending on the position of the Fermi level at the silicon
surface in inversion mode. Usually, the interface-trap is considered like an acceptor state for
NMOS transistor and like a donor state for PMOS transistor. Therefore, AQr is negative for
n-channel (AQir =-q ANir ) and positive for p-channel (AQir = q ANt ) devices (Oldham,
1999). On the other hand, AQor = q ANor and AQgr = q ANpr. Where AN, ANor, and ANgr
are positive numbers per area unit.

So, AVty reads:

AVTH = AVIT + AVOT + AVBT (8)

where,
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AVir=-AQrr /Cox = q ANyt /Cox (V) is the voltage shift caused by interface- trap increase,
AVor=-AQor /Cox = -q Nor /Cox (V) is the voltage shift caused by oxide-trap increase,
AVpr=-AQgt / Cox = -q ANt /Cox (V) is the voltage shift caused by border- trap increase.
The Equation 6 is only true when applying a DC signal or a low frequencies (less than a few
kHz) AC signal train. Therefore, only ANor and ANyt take part in standard charge pumping
current at high frequencies. Thus, Equation 6 can be written as:

AVTH = AVIT + AVOT (7)

Where, AVor is now the voltage shift caused by the oxide-trap increase at high frequency
measurements.

After irradiation, Icp (VB) (Where V3 is the base voltage of the gate signal) curves are laterally
and vertically shifted. Figure 7 qualitatively illustrates the effect induced by ionizing
radiation on CP curves. The lateral shift indicates the introduction of radiation-induced
oxide- and interface-trap. However, the vertical one (increase of Icpm) is indicative of the
augmentation of interface-trap density, ANt (numbre/cm?).

AV : amplitude 1‘ Icp (A)
Vg : signal base level |
| Lcpmz
|
: Alepy |
I
\ - Lo
I

trag
st AA A e Ty s m s e

Ve (V)

VTH2 - AVG VTHI - AVG

Fig. 7. Schematic illustration of standard charge pumping current curves. Solid line shows
CP current before irradiation and Dashed line shows CP current after irradiation.

The Icpm current is given by:

Iepp =9-f-Ag-Nit (8)
Where,
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q (C) is the elementary charge,

Nit (cm2) is the interface and border-trap densities per area unit,

Ag (cm?) is the gate area,

f (Hz) is the frequency.

Before irradiation, Icpvi and Niri represent charge pumping current and interface-trap
density respectively. After irradiation, Icpmz2 and Nir2 represent charge pumping current and
interface-trap density respectively. Then, the radiation-induced interface-trap density
increase (ANr) is given by:

I -1 Al
ANIT — NIT2 » NITl _ ~CPM?2 CPM1 _ CPM (9)
q-f-Ag q-f-Ag

Thus, AViris given by:

(10)

Using Equations 8 and 12, and AVor = -q ANor/Cox, we have expressed ANor, at high
frequencies, as:

ANpT :M_@AVTH (11)
9-f-Ac 4

where, Alcpm (A) is the radiation-induced maximum CP current increase.

5. Experiment

The Icp (VB) charge pumping measurements were made before and after each irradiation at
25°C. The irradiated NMOS devices were characterized after the latent interface-trap build-
up (106 s) (Schwank , 1992). In other words, we made a long delay between irradiation and
measurements. The Icp (Vp) standard curves (Elliot curves) were extracted using a triangular
signal with an amplitude of 3V and a frequency of 100 kHz. The technique consists in
varying Vg (signal base voltage) from -6V to 2V. The high frequency value (100 kHz) is
chosen basing on Qcp (f) (charge recombined per cycle vs. frequency) measurements
performed on our devices. The Qcp (f) characteristics have explicitly shown that the border-
traps contribution starts at 10 kHz as frequency as lowered. Consequently, 100 kHz are
largely sufficient to avoid their interference with interface-trap.

We expose the experimental results in Fig. 8. All degraded NMOS transistors exhibit the
same general features and behaviours as a function of total dose in charge pumping current
Icp(Ve) measured by CP technique. When MOSFET transistors are exposed to uniform
degradation such as ionizing radiation, the threshold voltage is shifted. This shift is induced
by the creation of oxide-trapped charge (AQor) in the dielectric and interface-trapped charge
(AQrr) in the Si/SiO; system. After irradiation, the curves obtained from CP technique
(current measured (Icp) vs. the base voltage of the gate signal (Vs)) are vertically and
laterally shifted. The vertical shift represented by the increase of the maximum CP
current, Icpy, indicates the augmentation of the interface trap density, ANr (numbre/cm?)
(Fig. 8a).
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Fig. 8. Radiation effects on CP curves at high frequencies for different total gamma ray
doses. (a) Standard CP current vs. V. (b) Normalized CP current vs. V.
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However, the lateral one indicates the introduction of the radiation-induced oxide- and

interface-trap (Fig. 8b). Fig. 8b gives the Icp (V) normalized curves to their respective Icpm,

in order to illustrate well the lateral shifts induced by irradiation. These quantities are

estimated, as shown in figure 8, from Icp (V) curves at high frequencies.

Knowing Alcpm and AVTy, we are able to calculate ANyt from equation 9 and also ANor from

equation 11. This is very useful when we want to rapidly get information on the quality of

irradiated oxide and SiO,/Si interface and also if we intend to study the annealing of both

radiation-induced oxide- and interface-trap.

Equations 9 and 11 shows clearly that ANt and ANor are is just dependent on experimental

parameters Alcpm and AVry (Djezzar et al., 2004). These quantities are estimated from Icp

(VB) curves at high frequencies.

In Fig. 9, the front panel of the developed software loads two files, of virgin and irradiated

MOS devices, respectively and calculates the lateral shift of threshold and flatband voltage,

respectively caused by radiation-induced ANt and ANor (normalized charge pumping curves).

The software developed permits to extract the radiation-induced threshold voltage shift

(AVTH), the radiation-induced flatband voltage shift (AVs), the radiation-induced oxide-trap

(ANor), and radiation-induced interface-trap (ANir) are extracted [Oussalah & Djezzar, 2007).

All of the relevant parameters are visible from this screen, as are the experimental results.

The program loads a file of a virgin MOS device and extracts the threshold voltage, the

flatband and other parameters.

In Fig. 9, we show the window front panel for the charge pumping base level sweep

measurement.

The input parameters are:

- file path,

- thesignal level,

- the working frequency

- the percentage at the V1y is calculated

- the percentage at Vg is calculated

- process parameters, like, substrate doping (cm-), oxide capacitor (F/cm?) and gate
oxide area (cm?).

The extracted parameters by the software are:

- threshold voltage, V1u (V),

- flatband voltage, Vrs (V),

- maximum charge pumping current, Icpm (A),

- interface-trapped charge density, Qir (C/cm?),

- interface trap density, Nir (1/cm?),

- Vir (V),

- interface trap density, Dir (1/eV.cm?).

In Fig. 10, we show the window front panel for the charge pumping base level sweep

measurement for virgin and irradiated MOS transistor. The program loads two files for

virgin and irradiated MOS devices, and calculates the lateral shift of Viy and Vrs,

respectively caused by radiation-induced ANt and ANor (normalized CP curves).

The input parameters in the program software are:

- file path of the virgin MOS transistor,

- file path of the irradiated MOS transistor,

- thesignal level,

- the working frequency,
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- the percentage at the Vy is calculated,

- the percentage at the Vs is calculated,

- process parameters, like, substrate doping (cm-3), oxide capacitor (F/cm?) and gate
oxide area (cm?).
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Fig. 9. LabVIEW front panel for the charge pumping base level sweep measurement.
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Fig. 11. LabVIEW front panel for the radiation induced parameters of the virgin and
irradiated MOS transitor.

The extracted parameters by the program software are:

threshold voltage shift, AVt (V),

flatband voltage shift, AVeg (V),

oxide trapped charges density, AQot (C/cm?),

Interface trapped charge density, AQit (C/cm?).

Oxide trapped density, ANot (1/cm?).

Interface trapped density, ANit (1/cm?).

Voltage shift caused by interface- trap increase, AVit (V).
Voltage shift caused by oxide-trap increase, AVor (V).

6. Conclusion

Experiments with LabVIEW software have been carried out to determine the effects of
gamma radiation at low doses on trap densities in MOSFET devices. The threshold and the
flatband voltages degradation due to the charge injection from gamma radiation effect at
low doses are characterized with the developed software. Since Alcpm and AVth are
measured, the program is able to extract ANt and ANor. This is very useful when we want
to rapidly get information on the quality of irradiated oxide and SiO,/Si interface and also if
we intend to study the annealing of both radiation-induced oxide- and interface-trap. This
makes it a powerful tool for rapid and routinely electrical characterization in hardness
assurance test of MOSFET’s device qualification for space and strategic applications.
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LabVIEW is a powerful environment for software development. It is widely used for
instrument control, data acquisition and data analysis. LabVIEW’s graphical way of
programming allows fast and efficient developing of robust, user controlled applications for
measurement, analysis anad visualization of data.
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