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CHAPTER 1

INTRODUCTION

The field of radiation effects in microelectronics is an active area of research
today, especially for space and defense applications, as technologies are continually
becoming more and more advanced. Consequently, hardness assurance and reliability
testing have become central and critical issues for electronics operating in radiation-harsh
environments, and, as a result, a vast amount of resources has been invested in testing and
qualifying parts for these environments. The most effective way to test parts for hardness
and reliability is to subject them to the conditions they would encounter during their
deployment, namely, by exposing them to ionizing radiation. While significant insight
can be gained about device performance, these tests are typically destructive, and
therefore the devices cannot be used afterwards. Furthermore, devices that are tested form
a limited sample (and consequently a limited representation) of a specific lot, which
introduces a degree of uncertainty, since device responses from these tests may or may
not differ from responses of the actual fielded devices. As a result, much effort has been
exerted in finding nondestructive, reliable tests for radiation hardness in microelectronics.

Over the last 20 years, 1/f noise measurements have emerged as a potentially
insightful and nondestructive test for radiation hardness and reliability in MOS devices
[1]-[5]. Work has been done that links characteristics of MOS 1/f noise with
characteristics of the device radiation response. Further studies have shown the

significance of bias and temperature conditions during irradiation and annealing on MOS



1/f noise and radiation response [2], [3], particularly the differences observed between n-
channel and p-channel devices.

Previous work has shown that MOS radiation response can change with aging,
and strongly suggests that moisture is a primary agent in the aging process [6], [7]. This
can have a significant impact on the reliability and radiation hardness of devices
employed for long periods of time or used after long-term storage in non-hermetic
environments. Further studies have shown that moisture exposure can seriously degrade
the 1/f noise and radiation response of both nMOS and pMOS transistors, with the effects
on pMOS transistors more enhanced, suggesting differences in the mechanisms of the
moisture absorption process between nMOS and pMOS devices [8]-[10].

In recent years, alternative-channel materials have been explored as a viable
option to replace silicon, in an effort to overcome the issues inherent in downscaling. Due
to its high electron and hole mobility, and relatively simple integration with standard
silicon processes, germanium is emerging as a promising material for future CMOS
technologies [11], [12]. One of the critical issues surrounding Ge MOS systems is control
of the Ge/gate dielectric interface [11], [13]. In previous work, both charge pumping and
1/f noise measurements were used to evaluate the near-interfacial defects in Ge
PMOSFETSs [14]-[21]; however, the nature of these defects, particularly those related to
the noise, is not well understood. Therefore, characterizing this interface is of great
importance, particularly in evaluating performance and understanding the reliability
issues inherent in Ge-channel devices related to radiation-induced degradation.

This research effort focuses on characterizing MOS device radiation response and

reliability, primarily through investigating the defects that lie at or near the



semiconductor-oxide interface. The first part of this work explores the effects of aging,
moisture exposure at elevated temperature, and total dose irradiation on the 1/f noise in
silicon MOS transistors, primarily focusing on the gate-voltage and temperature
dependence of the noise. The gate-voltage dependence of the noise is studied in detail for
both nMOS and pMOS devices throughout these experiments. Results show that moisture
exposure has a more significant impact on pMOS noise than for nMOS devices;
furthermore, analysis of the 1/f noise gate-voltage dependence indicates that changes in
the defect energy distributions are responsible for the observed gate-voltage dependences
for both nMOS and pMOS devices, indicating that carrier-number fluctuation dominate
the noise process for these devices. Changes in the temperature dependence of the noise
were observed after irradiation, and reflect the changes in the gate-voltage dependence of
the noise. Additionally, charge pumping measurements were used to characterize the
interface trap density as a function of energy, before and after irradiation, in an effort to
gain additional insight into the interface trap distributions and their relationship to the
border traps responsible for the noise; the results of these measurements were consistent
with those obtained through 1/f noise measurements.

The second part of this work focuses on the characterization of germanium pMOS
transistors before and after irradiation. For these devices, processing has a strong impact
on the radiation-induced trap charge buildup, evident from 1/f noise and charge pumping
measurements performed through irradiation and annealing. Results show that the defects
contributing to the noise are different from those contributing to the charge pumping
current, and suggest that the noise is most likely dominated by traps located in the gate

dielectric layer. Furthermore, noise measurements show that the border trap density



increases significantly toward the Ge valence band edge, while three-level charge
pumping reveals an interface trap density that increases slightly toward midgap.

This thesis is organized as follows: Chapter 2 discusses the basic mechanisms of
1/f noise in MOSFET transistors and the models used in this study, and provides an
overview of radiation effects, and aging and moisture effects in MOS devices. Chapter 3
describes the devices used in this work, the 1/f noise measurement setup and the charge
pumping techniques used to characterize these devices. Chapter 4 focuses on the 1/f noise
gate-voltage dependence of Si nMOS and pMOS transistors as a function of total dose
irradiation, and the effects of aging and moisture exposure on each. Experimental results
on the temperature dependence of the noise are also presented and discussed for
moisture-exposed and control (non-exposed) pMOS transistors. Chapter 5 describes the
results of the charge pumping measurements for these moisture-exposed and control
pMOS devices, before and after irradiation. In Chapter 6, the Ge pMOS devices are
presented, and results from 1/f noise measurements, I-V curves, and charge pumping

measurements are shown. Chapter 7 provides the summary and conclusions of this work.



CHAPTER 2

BACKGROUND

This chapter contains background information about low frequency noise in MOS
devices, radiation effects, and aging and reliability issues. The models that are used in
analyzing the 1/f noise results of the MOSFET devices in this study are described. Effects
of total dose radiation exposure on MOS devices are then recounted, followed by a

discussion of the effects of aging and moisture exposure on MOS reliability.

Low Frequency Noise in MOS Devices

Many physical systems exhibit fluctuations with spectral densities that vary
approximately as 1/f over a large range of frequencies. The 1/f-like fluctuations in metals
and semiconducting materials are particularly interesting, due to the information they can
reveal about the physical structures of these systems and the physical processes involved
in the 1/f noise that is characteristic of each system.

A variety of models have been used to explain the 1/f noise in MOSFET devices
[22]-[36]. It has been generally accepted that the 1/f noise in the conduction channel of
the device is primarily associated with the capture and emission of charge carriers from
trap sites in the oxide, at or near the Si/SiO, interface. Fluctuations in the oxide-trap
charge couple to the channel, both directly through fluctuations in the inversion layer
charge density, and indirectly through fluctuations in scattering associated with
fluctuations in trap occupancy. These fluctuations in inversion charge are referred to as

carrier-number  fluctuations. At variance with this mechanism, carrier-mobility



fluctuations are described as fluctuations in carrier mobility due to phonon scattering. In
general, studies tend to show that n-channel MOSFET noise is primarily dominated by
number fluctuations, while p-channel noise is frequently interpreted to be due both to
number and mobility fluctuations. The most widely accepted models for describing the
two different mechanisms attributed to MOS 1/f noise are based on models originally
proposed by McWhorter [23]-[30], and Hooge [31], [32]. Others have developed models
to account for the tunneling mechanism and charge trapping responsible for 1/f noise in
MOS devices [4], [23], including carrier-number fluctuation models that account for
mobility fluctuations caused by carrier trapping [33]-[36]. In this thesis, we will use a
model that describes MOS 1/f noise primarily due to number fluctuations, assuming that

any scattering due to trapped carriers produces a less significant fluctuation in mobility.

Silicon

Vgs Vg ® 0

.JE

Figure 1: Schematic representation of the energy and space window accessed by a typical 1/f noise measurement for an
nMOS transistor biased into strong inversion, after [36].



In the number fluctuation model, the oxide traps that exchange charge with the
device channel are assumed to exist uniformly in space (throughout the oxide) and in
energy (in the silicon band gap), as illustrated schematically in Figure 1 [36].

Charge carriers tunnel directly into and out of these traps. The power spectral
density of fluctuations in the total number of trapped charges N; is given by

_ kpTD(Ep) 1
Sve(£T) = e (2.2)

where Dy(Es) is the oxide trap density at the Fermi level E;, L and W are the device
channel length and width, respectively, and 7o and z; are the minimum and maximum
tunneling times, respectively [4]. Thus, the noise magnitude is determined by the density
of traps near the Fermi level, which depends on T, at a distance from the interface that
depends on f. For a MOS transistor operated in strong inversion, the fluctuations in
trapped charge result in a fluctuation in the effective gate voltage, and under constant

drain current conditions, causes a fluctuation in the drain voltage, given by

2 2

q Vp
_—VT)ZSNt f.7)

SV(f: T; VDPVG) = C_Z(VG
ox

_ 4 Vs kpTD(Ef) 1
Cox (Vg=Vr)2 LWin(z1 /7o) f’

(2.2)

where Coy is the gate oxide capacitance, Vp and Vg are the drain voltage and gate voltage,
respectively, and Vr is the threshold voltage of the device [4]. For a fixed drain voltage,
Sy is proportional to (Ve—V7)™. Any non-uniformity in Dy(Es) would show up in the gate-
voltage dependence, temperature dependence, and/or frequency dependence of the noise
in Eq. (2.2). It should be noted that many standard simplifying assumptions are made in
the derivation of Eq. (2.2), and good agreement with this model and experimental data

obtained on parts similar to these has been reported [1]-[5], [37], [38].



Past work involving studies of the 1/f noise of thin-metal films as a function of
temperature has revealed significant insight into the nature and energy structure of the
defects that cause the noise [39], [40]. Dutta and Horn have shown that the noise
magnitude of metal films typically has a strong temperature dependence, with a well-
defined peak structure that is characteristic of the metal being studied [39]. In particular,
they demonstrated that the temperature dependence of the 1/f noise of many different
types of metal films could be explained if it is assumed that the noise is due to a
thermally activated process with a distribution of characteristic times (alternatively, the
noise could be due to a random, activated process with a distribution of activation
energies.) Furthermore, this process need not have a constant distribution of activation
energies, but one that varies slowly with kgT will produce a 1/f* spectrum, where,
typically 0.8 < a < 1.4. When D(Ey) varies slowly over any range AE~ kgT, the energy
distribution of defects causing the noise can be related to the noise spectral density

through
D(E,) « kj:fTS(w, T), (2.3)

where w = 2xaf. The activation energy of the defect, Ey, is related to the temperature and
frequency by

Ey = kzTin(wt,), (2.4)
where 7o is the characteristic time for the defect. Dutta and Horn also derived an

expression for the frequency and temperature dependence of the noise, given by

.1 5InS(w,T)
A T)=1 In(an'o)( SinT 1]’ (2:5)

where the frequency exponent « is defined as



_ alns
T alnf

(2.6)

It was shown that the distribution of activation energies, D(Eo), could be inferred
directly from S(w, T), through Eq. (2.3). The relationships developed in [39] have
become instrumental in the analysis of 1/f noise in semiconductor devices. In particular,
past work has demonstrated that the 1/f noise of most bulk MOS and buried oxide
transistors satisfies the Dutta-Horn criteria [38], [41]-[44], enabling use of the equations

above in extracting useful information about the defect energies and distributions from

noise measurements as a function of temperature for those particular devices.

Radiation Effects in MOS Devices

lonizing radiation causes damage in solid-state devices. Exposure to ionizing
radiation can alter the physical microstructure of the device, temporarily or permanently,
causing changes in device properties and operating characteristics. This is obviously a
major concern for microelectronics operating in radiation environments, particularly for
defense and space applications. As such, much time and resources have been devoted to
understanding as much as possible about radiation effects in microelectronics, the short-
term and long-term damage, time-dependent responses, and mitigation techniques.
Sources of radiation in space and defense environments include x-rays, energetic
electrons, protons, and heavy ionized particles, the effects of which can be observed and
studied on the material level (semiconductor, oxide material), device level (diode,
capacitor, transistor), circuit level (e. g., memory, logic), and chip level (e. g. ,
microprocessors). These can be separated into two different areas of study: total dose

effects and single event effects. Total dose effects entail the damage and degradation



accumulated over time from radiation exposure, while single event effects include device
or circuit response to interaction with a single ionizing particle. For this study, we focus
on total dose effects in MOS devices, which are described next in detail.

For MOS devices, the oxide is the most total-dose radiation-sensitive part; the
radiation response of the device is dominated by four main physical processes, illustrated
in Figure 2, after [45]. When a MOS device is exposed to ionizing radiation, electron-
hole pairs are created in the oxide (process 1). Because electrons have a much higher
mobility than holes in SiO,, the majority of the electrons are swept out of the oxide,
under the influence of the gate bias. Some fraction of the electrons and holes will
recombine after the initial exposure, the amount of which depends on the strength of the

electric field in the oxide and the energy of the incident irradiation.

(4) RADIATION-INDUCED

INTERFACE TRAPS
/ WITHIN Si BANDGAP

AP S + (3)DEEP HOLE
TRAPPING

- NEAR Si/SiO,
W/A INTERFACE

GATE /
G OF HOLES THROUGH

/ V LOCALIZED STATES

(1) ELECTRON/HOLE PAIRS j
GENERATED BY IONIZING IN SiO, BULK
RADIATION

(2)HOPPING TRANSPORT

Figure 2: Band diagram of a MOS system with a positive gate bias, after [45].
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The holes that escape recombination then transport through the oxide to the
Si/SiO; interface (process 2), where some fall into deep trap states (process 3). The fourth
major process in MOS radiation response is the buildup of interface traps at the Si/SiO,
interface. As the holes transport through the oxide, they free hydrogen, in the form of
protons, which then migrate to the interface and can depassivate Si-H bonds, forming H,
and silicon dangling bonds, which can act as interface traps (process 4) [45], [46]. The
charge state of these traps depends on the gate bias.

Radiation-induced oxide trapped charge and interface traps are a significant
concern for MOS transistors, particularly because of their effects on device operating
parameters. The positive oxide trapped charge generated by ionizing radiation causes a
negative shift in the threshold voltage of MOS transistors. Interface trapped charge
depends on the gate bias. For an nMOS transistor (positive gate bias), the interface
trapped charge is negative, which causes a positive shift in threshold voltage; for a pMOS
transistor (negative gate bias), the interface trapped charge is positive, causing a negative
shift in threshold voltage [47]. The oxide charge buildup is greatest after initial
irradiation, and anneals with time, while interface trap buildup typically continues to
increase with time. Depending on the radiation-tolerance of the oxide, radiation-induced
damage can be quite severe for MOS transistors, even causing device failure.

In addition to an increase in charge density within the oxide and trap density at
the oxide-silicon interface, radiation exposure increases the low frequency noise levels of
MOS devices [1]-[3], [37], [48], [49]. The pre-irradiation 1/f noise of MOS devices has
been found to correlate strongly with the post-irradiation threshold voltage shift due to

oxide trapped charge. In particular, Scofield et al. showed a nearly linear relationship

11



between the pre-irradiation normalized noise magnitudes of devices and AV, with the
noisiest devices exhibiting the largest AV, as shown in Figure 3 [1]; much less
correlation was found to exist between the noise and threshold voltage shift due to

interface traps, AVi.

P———T T

K (V2)

0.1 0.5 1.0 5.0
lAvotI (V>

Figure 3: Noise magnitude K as a function of radiation-induced threshold voltage shift due to oxide trapped charge
AVy, after [1].

Furthermore, in [3], the 1/f noise was observed to increase with increasing oxide trapped
charge during irradiation for both nMOS and pMOS devices. These studies led to the
conclusion that oxide traps within a few nanometers of the Si/SiO, interface were

responsible for the 1/f noise in MOS devices. These traps were termed ‘border traps’ [49].

Adging, Reliability and Moisture Exposure

In addition to radiation exposure, harsh operating and storage conditions, as well

as the normal aging process, all can degrade device performance, with moisture

12



absorption affecting these significantly. If water is introduced into devices during
processing, water molecules can diffuse into the gate oxides of MOS devices during long-
term storage in non-hermetic environments.

Rodgers et al. showed that the irradiation and annealing responses of nMOS
transistors could change significantly after 17 years of room-temperature storage [6].
These devices experienced a much larger increase in threshold-voltage rebound during
post-irradiation annealing than devices from the same wafer that were tested in the
original study in 1988. They attributed these shifts in threshold voltage to an increase in
interface trap generation during irradiation and annealing, and found that baking these
devices prior to irradiation reduced the shifts significantly. They concluded that the
aging-related changes observed in these devices were likely due to water molecules
absorbed during non-hermetic storage.

Work done by Batyrev et al. with devices from the same lot as in [6] showed that
exposure to moisture at elevated temperatures significantly increased the interface trap
buildup during post-irradiation annealing, as compared to devices that were not exposed
to moisture, and devices that were baked prior to irradiation [7]. All devices in the study
showed an increase in interface trap buildup compared to devices irradiated in the
original study.

In a more recent study, moisture was intentionally introduced into the oxides of
nMOS and pMOS transistors [8]-[10], which led to enhanced degradation in the radiation
response of these devices. However, the moisture-related effects were more significant in

the pMOS transistors. These results were confirmed by 1/f noise measurements, where
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the moisture-exposed pMOS devices experienced a larger increase in 1/f noise, while
little appreciable change in the noise was observed for the exposed nMOS devices.

It was shown that water absorption in SiO, can create defects in the oxide, and
enhance defect generation during irradiation [7], [50]. For the devices of this study,
phosphorus dopants inevitably penetrate the oxide regions that overlie the source/drain
junctions in the nMOS devices, and, likewise, boron dopants penetrate the oxide regions
that overlie the source/drain junctions in the pMOS devices, during the source/drain
implant steps. Phosphorus has been shown to suppress water penetration in doped oxides,
while boron can increase the number of molecular water sites without reacting with the
diffusing water, allowing penetration deep into the film [51], [52]. These differences have
led to enhanced defect generation in the pMOS oxides, compared to nMOS devices,
resulting in the increased noise in the moisture-exposed pMOS devices before and after
irradiation [9], [10].

These studies demonstrate the importance of aging-related effects on MOS
response. In particular, MOS response and reliability does not remain constant over time,
but can degrade, with the extent of degradation greatly influenced by the storage and
operating conditions. Furthermore, these studies highlight the critical role water

absorption can play in MOS radiation and aging response.
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CHAPTER 3

DEVICES AND EXPERIMENTAL DETAILS

This chapter describes the Si and Ge transistors used in this study, the different
measurement techniques used to characterize these devices, and the experimental

conditions to which they were subjected.

Devices

Si nMOS and pMOS

The Si nMOS and pMOS transistors used in this study were fabricated in 1984 at
Sandia National Laboratories, and packaged in 1987. These transistors have poly-
crystalline silicon gates and come from two process lots, G1916A (wafer 10) and
G1928A (wafer 16 and 28). The devices from wafer 10 have an oxide thickness of 37 nm,
and received a 30-minute, 1100 °C N, post-oxidation anneal. This type of processing is
known to greatly increase the density of oxygen vacancies and vacancy complexes in
Si0O; [3], [41], [53]-[55]. Wafer 16 devices have an oxide thickness of 25.4 nm, and wafer
28 devices have an oxide thickness of 68.2 nm. The nMOS transistors have a doping
concentration of ~2.7x10" cm™ and the pMOS transistors have a doping concentration of
~4x10" cm™. All parts were stored for 20 years prior to noise measurements. Some
devices were exposed to 85 % relative humidity at 130 °C for one week; control devices

either remained hermetically sealed during this process or were not exposed at all [8].
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Ge pMOS

The Ge devices are pMOSFETSs with a Ge layer deposited onto Si, built at imec
on Ge-on-Si epitaxial substrates [15]. Devices from process splits D05/D10 had 5/8 Si
monolayers deposited onto the Ge layer before gate-dielectric formation and received As
halo implants at a dose of 5x10'%/6.5x10™ cm™ [15], [20]. Above the Si monolayers is 4
nm of hafnium oxide (HfO,), which is followed by 10 nm of tantalum nitride (TaN) and
70 nm of titanium nitride (TiN), deposited by physical vapor deposition. The equivalent
oxide thickness (EOT) of the gate dielectric is ~1.2 nm. A cross-section of this device is

shown in Figure 4 below.

Si/Si0,/HfO,

Ge 2 um
Si /

Figure 4: Cross-section of the Ge pMOS transistors used in this study [15], [20], [68].
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Experimental Setup and Measurement Techniques

Noise measurements

Excess noise measurements (corrected for background noise) were performed on
these transistors operating in strong inversion in their linear regimes, using a setup similar
to that in [1], shown below in Figure 5. A constant voltage source Va in series with a 20
kQ resistor was connected to the MOSFET drain. A second, constant voltage source Vg
was connected directly to the gate. Both the source and drain were grounded. The drain
voltage noise was amplified using a low-noise preamplifier, the output of which was
connected to the input of a spectrum analyzer for calculating the power spectral density

spectrum.

MOS - 0
device p | SR760 |
HP4140A G Sub Spectrum
Voltage = Anal I
Source nalyzer
I— — =7 ——_1
IVA VBI
_— b — = d

Figure 5: 1/f noise measuring circuit diagram.

The frequency span of the noise measurements either extended from
approximately 6 Hz to 400 Hz, or 4 Hz to 1000 Hz. During the noise measurements, the

drain voltage Vp was held at a constant = 100 mV (‘“+’ for nMOS devices, ‘- for pMOS

17



devices). The gate-to-threshold voltage VsVt was varied during the measurements. The
dependence of the excess noise on frequency, drain voltage, and gate voltage was
described by

K_ V%
e We-vp)F’

Sv(f,Vp, Vg) = (3.1)

where K is the normalized noise magnitude of the device, o represents the frequency
dependence, and S is a measure of the gate-voltage dependence, where Sy o (Vg—V7) 7
[1], [3]. The frequency exponent o is determined by the best fit to Sy over the entire,
accessible frequency span [39].

To determine the gate-voltage dependence of these devices, Sy was measured for
varying | Ve-Vr|. Log-log plots of Sy (at ~10Hz) versus | Ve-Vr| were produced, and

a linear fit was performed on the plotted data to determine the slope, 5.

Charge pumping

Charge pumping is a widely used and sensitive method for characterizing the
semiconductor-dielectric interface of MOS devices. Different variations of this
measurement have been developed to determine the mean density of interface traps, their
energy and spatial distributions, and capture cross sections [56]-[63]; however, the basic
principle throughout all of these variations is the same. For a MOS transistor, a voltage
pulse is applied to the gate, the source and drain are tied together and slightly reverse-
biased, or grounded, and current is measured at the substrate as the gate is pulsed

between inversion and accumulation. A typical measurement setup is shown in Figure 6.
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Figure 6: Typical bias and measurement circuit for measuring recombination current I¢p.

During inversion, holes (electrons for nMOS) flow to the surface from the source
and drain, and are captured by interface traps. When the gate is switched to accumulation,
the remaining holes flow back to the source and drain, and the interface is flooded with
electrons. Some of these electrons are captured by the interface traps and recombine with
the trapped holes, producing a net recombination current measured at the substrate. This
current is proportional to the density of interface traps.

For these devices, two charge pumping techniques were used to characterize the
interface trap densities: the square pulse method [14], [57]-[59], and the three-level
method [60]-[63]. During the square pulse method, a pulse of constant amplitude is
applied to the gate, and the charge pumping current is measured as a function of the base
voltage, Vipase. The voltage pulse is incremented from below the flat band voltage Veg to

above the threshold voltage V1, as illustrated in the left hand part of the figure below.
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Figure 7: Illustration of variable base, square pulse charge pumping method, [64].

When the charge pumping current Icp is plotted as a function of Vpaee, a shape
similar to what is shown in the right hand part of Figure 7 results, with the peak of the
curve occurring when the bottom of the pulse is below the flat band voltage and the top
of the pulse is above the threshold voltage (numbered ‘3’). From these values, the
interface trap density can be estimated by [14], [57]-[59],

Icp = qAcf Dy A¥s. (3.2)
Here, q is the electronic charge, Ag is the device area, f is the charge pumping frequency,
A5 is the change in surface potential, and Di; (cm@eV™Y) is the mean interface trap
density, averaged over the energy levels swept through by the Fermi level.

The three-level method was used to determine the interface trap density as a
function of energy [60]-[63]. This method is similar to the one previously described, with
the exception of a mid-level step voltage, Vstep, incorporated into the gate pulse, as

shown in Figure 8.
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Figure 8: Three-level voltage waveform applied to gate.

When the voltage level of the pulse is at Viyign, the device is in strong inversion,
and the interface traps are filled with holes. When the pulse is switched to Vstegp, many of
the trapped holes are emitted back to the valence band. For sufficiently long values of
tstep, the trapped holes above a certain energy level, determined by Vsrep, Will be
emitted, and the trap occupancy will reach equilibrium. Then, when V ow is reached,
electrons are brought back to the interface to recombine with the remaining trapped holes,
producing the charge pumping current. As Vstep is varied, the equilibrium trap occupancy
level will vary, resulting in a change in Icp.

The relationship between the Icp, Vstep, and the interface trap density is given by
[60]-[63]

_ 1 dicp dVsrgp
Dit(Et) " qfAg dVsrep dds | (3'3)

where @s is the surface potential established by Vstep. The timing features of the
waveform are described by twign, tstep, and tiow. For Eq. (3.3) to be used, the time
constant of the emission process, ze, must fall between t_ow and tsrep, that is,

t, <tp < tsrpp - (3.4)

In this the region, dlcp/0Vstep IS directly proportional to Dj; [63].
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Irradiation experiments

Irradiation experiments were performed using an ARACOR Model 4100 10-keV
X-ray irradiator. For the Si devices, the gates were biased at +6 V and all other terminals
were grounded. For the Ge pMOS transistors, transmission gate bias was applied (worst
case for leakage current degradation in these devices [15], [20]), with the drain and
source biased at —1 V and all other terminals grounded. The Ge pMOS devices were
annealed under these same conditions. All parts were irradiated at a dose rate of 31.5

krad(SiOz)/min.
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CHAPTER 4

EFFECTS OF MOISTURE EXPOSURE AND TOTAL DOSE IRRADIATION ON
THE 1/F NOISE AND GATE-VOLTAGE DEPENDENCE OF NMOS AND PMOS
TRANSISTORS

This chapter presents results on the low frequency noise data of moisture-exposed
and control Si n-channel and p-channel devices before and after total dose irradiation,
focusing on the effects of moisture exposure and irradiation on the frequency, gate-
voltage, and temperature dependences of the noise in these devices. Significant changes

in defect energy distributions are observed after irradiation.

Low Frequency Noise Gate-Voltage and Frequency Dependence of MOS Devices

Figure 9 shows the excess drain-voltage noise power spectral density Sy at ~10
Hz as a function of | Ve—VT | for 2-pum channel-length, 16-pm channel-width nMOS and
pMOS transistors from the wafer 10 (t,x = 37 nm, N, post-oxidation anneal) control part,
prior to irradiation. For the nMOS device, the slope = 1.7. For the pMOS device, f =
0.5, indicating a trap energy distribution that deviates much more significantly from

uniformity than for the nMOS device [1], [37].
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Figure 9: Excess drain-voltage noise power spectral density Sy at ~10 Hz as a function of the absolute value of Vg-V+
for 2 um x 16 um nMOS and pMOS transistors from the control part of wafer 10, prior to irradiation, after [10].

Figure 10 shows Sy as a function of frequency f for 3-um nMOS and pMOS
control devices from wafer 10, prior to irradiation. There is a difference in the frequency
dependence of the noise for the nMOS and pMOS devices, indicated by the differences in
the slopes of the spectra. For the nMOS device, the frequency exponent, «, is close to
unity, as expected for 1/f noise resulting from relatively uniform densities of traps in
energy and space [1]-[4], [39], consistent with the results in Figure 9. For the pMOS
device, o is greater than unity, again reflecting a departure from uniformity in Dy(Es),
which is also consistent with the results in Figure 9. The nMOS and pMOS gate-voltage
dependences presented in Figure 9, and the frequency dependences illustrated in Figure
10, are all typical of the 1/f noise dependences observed for these types of devices in this
study (from different wafers and process lots), prior to irradiation, and are consistent with

results reported previously on similarly processed devices [1]- [3], [37].
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Figure 10: Sy as a function of frequency for 3 um x 16 um nMOS and pMOS transistors from the control part of wafer
10, prior to irradiation. The spikes in the spectra are from 60 Hz pickup and its harmonics, which are ignored in the

data analysis, after [10].

Figure 11 shows Sy as a function of frequency f for 3 um x 16 um (length L x

width W) n-channel moisture-exposed and control transistors from wafer 10 before and

after 500 krad(SiO,) total dose irradiation at Vg—V1 =1 V.

10™ , - :
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Figure 11: Sy as a function of frequency for 3 um x 16 um nMOS transistors from the control and moisture-exposed
parts from wafer 10, before and after 500 krad(SiO,) total dose irradiation. The background noise was subtracted to
obtain the excess noise. The spikes in the spectra are from 60 Hz pickup and its harmonics; these are neglected in the

analysis of the noise, after [10].
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There is no significant difference between the pre-irradiation noise for the nMOS
control and exposed devices; the post-irradiation noise for the control device is slightly
larger than that for the moisture-exposed device. For both the control and exposed
devices, the frequency exponent a is close to unity before and after irradiation, as
expected for 1/f noise resulting from relatively uniform densities of traps in energy and
space [1]-[4], [39].

Figure 12 plots Sy at ~10 Hz as a function of VgVt for the 3 pum n-channel
moisture-exposed and control devices of Figure 11 before and after 500 krad(SiO) total
dose irradiation. There is relatively little change in the gate-voltage dependence of the
noise for both the exposed and control devices after irradiation. For the exposed device,
prior to irradiation, g = 1.5, and after irradiation g = 1.8; for the control device, prior to
irradiation, f = 1.7, and after irradiation g = 1.9. These dependences are in reasonable
agreement with Eq. (2.2), indicating a more uniform Dy(Es) after irradiation, consistent

with the frequency dependences observed in Figure 11.

1 ——

V,Vy(V)

Figure 12: Sy at ~10 Hz as a function of VgVt for 3 um x 16 um nMOS transistors from the control and moisture-
exposed parts from wafer 10, before and after 500 krad(SiO,) total dose irradiation, after [10].
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Figure 13 shows Sy versus f for 3 um x 16 um p-channel moisture-exposed and
control transistors from wafer 10 before and after 500 krad(SiO,) total dose irradiation at
Ve — V1 = -1 V. In contrast to the nMOS devices of Figure 11, the pre-irradiation and

post-irradiation noise for the exposed pMOS device is much higher than that for the

control device.
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Figure 13: Sy as a function of frequency for 3 um x 16 um pMOS transistors from the control and moisture-exposed parts from wafer
10, before and after 500 krad(SiO,) total dose irradiation, after [10].

These results demonstrate enhanced pMOS sensitivity to moisture, compared to
nMOS devices [8]-[10]. Furthermore, there is an obvious change in the frequency
dependence of the noise for the pMOS devices of Figure 13 after irradiation. For the
control pMOS device, prior to irradiation, « = 1.3, and for the exposed device a = 1.2.

After irradiation, a = 1.1 for the control device and a = 0.9 for the exposed device,
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indicating a more uniform trap energy distribution after moisture exposure and irradiation
than before [1]-[4], [39].

Figure 14 shows Sy at ~10 Hz as a function of |Ve-Vr| for the 3 um p-channel
moisture-exposed and control devices of Figure 13 before and after total dose irradiation.
There is a significant change in the gate-voltage dependence of the noise with irradiation
for both devices, signified by the increase in f. These results, along with the changes in
frequency dependence illustrated in Figure 13, reflect a change in the trap energy
distributions with irradiation for both the exposed and control devices. In particular, for

the moisture-exposed device, S = 2 after irradiation, indicating a more uniform Dy(Es).
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Figure 14: Sy at ~10 Hz as a function of | VGfVTl for 3 um x 16 um pMOS transistors from the control and moisture-
exposed parts from wafer 10, before and after 500 krad(SiO,) total dose irradiation, after [10].

Figure 15 shows the gate-voltage dependence of moisture exposed pMOS devices
from wafer 16 after 500 krad(SiO,) total dose irradiation. For all three transistor channel
lengths, f =~ 3 over a significant fraction of the voltage range. To the best of our

knowledge, this behavior has not been reported previously in the literature. One possible
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explanation is that irradiation, after moisture exposure, has significantly altered the trap
energy distributions for these devices, so that D:(Es) is now increasing toward midgap.
The frequency dependences for these devices is much less than unity at | Ve—Vr | =1V,

but increases with increasing | VeVt |, as shown in Figure 16. We now explore this

possibility further.
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Figure 15: Sy at ~10 Hz as a function of | VGfVTl for pMOS transistors from the moisture-exposed part from wafer
16, after 500 krad(SiO,) total dose irradiation, after [10].
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Figure 16: Sy as a function of frequency and | VG—VTl Sor the 3-um pMOS transistor of Figure 15.
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Figure 17 and Figure 18 show Dy(Es), calculated from Eq. 1 at f = 10 Hz and for

Vg-Vi =1, 2, 4, 6, and 8 V, as a function of energy for the 3 pm x 16 pm moisture-
exposed nMOS and pMOS transistors of Figure 12, Figure 14 and Figure 15. From these
measurements, we can approximate the energy level of D¢(E;) for each VgV and

examine the variation of the trap density through energy in the silicon band gap. Here we

estimate 71/70 ~ 10*? to be consistent with previous work [3], [5], [49], [70].

1012
3u-nMOS
Post-Rad
P * *
'—> * * *
q‘cu o O
£ <
L
. <o
Q 4o ™~ 1
< Pre-Rad

1 1 1 1 1 1 1
0.43 0.44 045 0.46 0.47 0.48 0.49

E —=

E, (eV) .

Figure 17: Inferred trap distribution as a function of energy for the 3 um x 16 um nMOS transistor from the moisture-
exposed wafer 10 part, before and after 500 krad(SiO,) total dose irradiation, after [10].

In Figure 17, the inferred pre-irradiation and post-irradiation trap densities for the
nMOS devices do not vary significantly over the voltage range shown. There is a slight
change in the shape of Dy(Ef) with irradiation, with the post-irradiation density more
uniform across the voltage range, corresponding to the change in g in Figure 12 to a value

closer to 2.
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Figure 18: Inferred trap distribution as a function of energy for 3 um x 16 um moisture-exposed pMOS transistors from
(a) wafer 10 and (b) wafer 16, before and after 500 krad(SiO,) total dose irradiation, after [10].

In Figure 18, however, the trap density profiles for the pMOS devices change
drastically with irradiation, corresponding to the large changes in g in Figure 14 and
Figure 15. In particular, the pre-irradiation Dy(Ey) is increasing with increasing | Vo-Vr |
for both pMOS devices. After irradiation, Dy(Es) for the device of Figure 18(a) appears
more uniform, corresponding to £ = 2 in Figure 14, while Dy(Es) for the device of Figure
18(b) is now decreasing with increasing | VeVt | , corresponding to = 3 in Figure 15.

These data not only demonstrate the significant differences in the way nMOS and
pMOS 1/f noise (and consequently the border trap densities) are affected by direct
moisture exposure and total dose irradiation, but also indicate that water absorption in the
control pMOS oxides, possible due to long-term storage [6], [7], has led to the significant
changes observed in the gate-voltage dependence with irradiation for these devices as
well. Furthermore, 1/f noise measurements, in particular the frequency and gate-voltage
dependences, have proven to be a useful tool in revealing changes in the trap energy

distributions of these devices before and after irradiation.
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Temperature Dependence of the 1/f Noise of pMOS Devices

Figure 19 shows the excess drain-voltage power spectral density Sy at ~10 Hz as a
function of temperature T and defect energy Eo for 2 um x 16 um unirradiated, moisture-
exposed and control pMOS devices from wafer 16 (tox = 25.4 nm). Ey is the activation

energy inferred from the Dutta-Horn relation of Eq. (2.3).
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Figure 19: Sy at ~10 Hz as a function of temperature T and Eq for 2 um x 16 um unirradiated, moisture-exposed and
control pMOS transistors from wafer 16. The energy scale inferred from the Dutta-Horn model is on the upper x-axis.

Since Sy is proportional to the trap density [1]-[4], [38], [39], [41], the energy
distribution of the trap densities can be inferred by a representation of Sy as a function of
Eo. The data for the moisture-exposed device are denoted by the solid black symbols, and
the data for the control device are represented by the open symbols. For these parts, the
noise levels closer to room temperature are higher than those below room temperature,

with the room temperature noise of the moisture-exposed device larger than that of the
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control device, consistent with previous work at ~300 K [8]. For the moisture-exposed
device, Sy has peaks in the lower temperature range, decreases toward 200 K, then
increases again toward room temperature. For the control device, Sy has a peak around
200 K, decreases around 225 K, then increases again toward room temperature.

To determine whether the noise of these devices can be described by the Dutta-
Horn model, Eq. (2.5) is used to calculate the temperature dependence of the frequency
exponent, o(T), from the noise measured as a function of temperature, and compared to
the measured values of «(T). A value of 1.8 x 10 s is used for z, corresponding to a
typical inverse-phonon frequency in the near-interfacial SiO, [41], [65], [66]. Figure 20

shows the results of this comparison for the moisture-exposed device of Figure 19.
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Figure 20: Frequency exponent a. as a function of T for the 2 um x 16 um moisture-exposed pMOS transistor of Figure
19. The solid triangles represent measured data, and the solid line denotes data calculated from Eq. (2.5).

For the device of Figure 19, the calculated values of «o(T) are smaller in

magnitude in than the measured o(T) in most places throughout the temperature range.
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However, the calculated values seem to follow the general trend in peaks of measured
a(T), particularly in the lower temperature range. From about 200 K, calculated «(T)
increases toward room temperature, similar to measured «a(T), although there is no clear
double-peaked feature like that in the measured values.

Figure 21 shows Sy ~10 Hz as a function of |Vs-Vr| for the moisture-exposed
pMOS device of Figure 19 at temperatures of 145 K, 245 K, and room temperature. A

line with a slope of -2 is drawn in the figure as a reference.
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Figure 21: Sy at ~10 Hz as a function of | VGfVTl for the 2 um x 16 um unirradiated, moisture-exposed pMOS
transistor of Figure 19 at 145 K, 245 K, and 298 K.

The gate-voltage dependence of the noise at 245 K and 298 K is significantly less
than a (Ve—V+) 2 dependence, indicating a non-uniform trap energy distribution. There is
a distinct change in the voltage dependence of the noise at these temperatures,
particularly at voltages higher than | Ve-Vr| =4 V. From Figure 19 and Figure 20, Sy

increases up to 245 K, then decreases to 250 K; a decreases from 235 K to 250 K. Near
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room temperature, Sy increases slightly from 290 K to 295 K, then decreases to 298 K; a
decreases from 290 K to 295 K. In contrast to what is observed at 245 K and 298 K, the
noise increases dramatically (compared to the other two temperatures investigated) with
increasing | Ve-Vr| for |Ve-Vr| > 2V at 145 K. From Figure 19 and Figure 20, Sy
decreases sharply from 125 K to 145 K, then increases to 155 K; a decreases from 135 K
to 145 K, then increases again to 155 K. These changes in the frequency and temperature
dependence of the noise are correlated with the changes in the gate-voltage dependence
of the noise, and reflect changes in the underlying defect energy distributions [37]-[39],
[41].

Figure 22 shows Sy at ~10 Hz as a function of T and Ep for a 3 um x 16 um
moisture-exposed pMOS device, and a 2 um x 16 um control pMOS device from wafer
16 after 500 krad(SiOy) total dose irradiation. In contrast to the noise observed for the
unirradiated pMOS devices, for the moisture-exposed part, Sy increases steadily with
energy over the entire range investigated. The energy structure of the defects has also

changed with irradiation for the control device.
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Figure 22: Sy at ~10 Hz as a function of temperature T and E, for 3 um x 16 um moisture-exposed pMOS transistor
and 2 um x 16 um control pMOS transistor from wafer 16 after 500 krad(SiO,) total dose irradiation.

The noise of the moisture-exposed device is much larger than the noise of the
control device, even considering transistor size, over the entire temperature range,
indicating enhanced trap generation during irradiation over all the energies probed with
these measurements. This illustrates a significant difference in the nature of the defects
introduced by irradiation alone, and by both moisture exposure and irradiation in these
devices.

Figure 23 shows Sy at ~10 Hz as a function of | V-V | for the moisture-exposed
pMOS device of Figure 22 at 298 K before irradiation, and at 205 K and 298 K after
irradiation. Again, a line with a slope of —2 is drawn in the figure as a reference. Prior to
irradiation, the gate-voltage dependence is much less than a (Ve—V1) 2 dependence at
room temperature, indicating a non-uniform trap energy distribution, similar to those
observed in Figure 21. After irradiation, for both temperatures shown, the gate-voltage

dependence of the noise is significantly larger than a (Vs—V1)™ dependence, with the
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room temperature gate-voltage dependence having the larger slope. Compared to the pre-
irradiation values, the post-irradiation trap energy distribution is now mostly increasing

with energy, although this increase is slightly less near 205 K.
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Figure 23: Sy at ~10 Hz as a function of | Va-V+| for the 3 um x 16 um moisture-exposed pMOS transistor of Figure
22 at 205 K and 298 K, before and after 500 krad(SiO,) total dose irradiation.

There is also a distinct transition between regions with different voltage
dependences for all data sets depicted here, similar to what was observed for the
unirradiated pMOS device of Figure 21 at temperatures of 245 K and 298 K. However,
for this part, after irradiation, Sy varies over several orders of magnitude between |V(3—
Vr| =1Vand |Ve-Vr| =4V, then decreases much more slowly with increasing | Ve
Vr| upto |Ve-Vr| =8 V.

These results further demonstrate the effects of moisture on 1/f noise, and, hence,
the border trap density of pMOS devices before and after irradiation, and provide new

insight into the dominant defects introduced by moisture exposure and irradiation in these
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devices. In particular, the pre-irradiation noise of the moisture-exposed device is larger
than that of the control device near room temperature, suggesting that the defects
introduced by moisture exposure can exchange charge more efficiently in this
temperature range but not at ones immediately below this, indicating a variation in either
the microstructure or type of the defect present [41]. After irradiation, the noise of the
moisture-exposed device mostly increases with energy, and the defect density is much
more uniform across the entire energy range. These thermally activated processes are
consistent with the attributes of oxygen vacancies in the near-interfacial SiO, [3], [41],
[54].

In addition, there are considerable differences in the gate-voltage dependence of
the noise at different temperatures for the moisture-exposed device, reflecting differences
in the border trap densities as a function of energy [10], [37]. After irradiation, the gate-
voltage dependence changes significantly. The increase in Sy with irradiation is largest at
smaller|VG—VT| (consistent with the results on pMOS parts shown earlier in this
chapter), indicating that defect creation due to moisture and irradiation is more enhanced

at energy levels closer to midgap [10].
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CHAPTER 5

CHARGE PUMPING AND LOW FREQUENCY NOISE IN MOISTURE-EXPOSED
AND CONTROL SI PMOS DEVICES

This chapter describes results obtained on the moisture-exposed and control Si
pPMOS transistors using the three-level charge pumping technique. The 1/f noise and
charge pumping current are analyzed before and after irradiation, and comparisons
between the border trap density and interface trap density as a function of energy are
illustrated. Changes in the trap densities as a function of energy are detected, consistent

with estimates based on 1/f noise measurements.

Three-Level Charge Pumping and 1/f Noise

Figure 24 shows the magnitude of the recombination current, Icp, as a function of
step voltage, Vstep, for a 3 um x 16 um (L x W) unirradiated, moisture-exposed transistor
from wafer 28 (tox = 68.2 nm), generated from a three-level pulse applied to the gate, with
frequency of 15 kHz and step time of 27.4 ps. The current was measured at the body
terminal, with the source and drain grounded.

The shape of the Icp-Vstep curve is typical of this three-level charge pumping
method [61], [63]. The current generally increases from left to right, as the step voltage
moves from accumulation to strong inversion. When Vsrep places the device in strong
inversion, the interface traps have time constants shorter than t . (the falling edge of the

pulse, see Figure 8), and some traps will emit their charge before accumulation is reached
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[61], [63]. A similar process occurs when Vstep places the device in accumulation, except

the traps are too slow to de-trap their charge, and equilibrium is not established.
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Figure 24: Recombination current Icp as a function of step voltage Vsrep for a 3-um length moisture-exposed pMOS
transistor before irradiation. The absolute value of the current is plotted for all cases shown; the actual current is
negative for pMOS devices.

However, in the region in between, the traps have time constants that satisfy Eq. (3.4),
and the slope of the curve is proportional to the interface trap density, as given by Eqg.
(3.3).

Figure 25 shows Icp as a function of Vsrep for varying values of (a) tLow and (b)
tuigh for the device in Figure 24. All other features of the waveform remained the same
during these measurements. In Figure 25(a), t_ow is varied from 300 ns to 1000 ns. AS t ow
decreases, the current increases, since, from Eq. (3.4) the detectable range of time

constants increases, and thus a broader range of trap levels can contribute to Icp [61].
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Figure 25: Icp as a function of Vsrep for varying times of (a) tioy and (b) tuign for the moisture-exposed pMOS
transistors of Figure 24.

In Figure 25(b), Icp is measured for twigh = 40 ns and 500 ns. There is hardly any
difference between the two curves, with the exception of a slight increase in Icp as Vstep
decreases in magnitude for tyigh = 40 ns. As twigh becomes shorter, there is less time for
the inversion layer charge to exit the channel before tstep is reached, and an additional
current is generated, referred to as a geometric current[56], [58], [63]. This current
becomes significant as Vstep approaches accumulation.

Figure 26 shows the Icp, as a function of Vgrep, for (a) L =2 pm and (b) L =4 pm,
W = 16 um unirradiated, control and moisture-exposed pMOS transistors from wafer 28.

In this case, the frequency of the pulse was 100 kHz and the step time was 4 ps.
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Figure 26: Recombination current Icp as a function of step voltage Vsrep for (a) 2-um and (b) 4- um length moisture-
exposed and control pMOS transistors before irradiation.

The current is much larger for the moisture-exposed devices compared to the
control devices, indicating an overall larger interface trap density for the exposed devices.
Additionally the current is larger for the 4-um length devices in Figure 26(b), since Icp is
proportional to the gate area (Eq. (3.2)) [14], [57]-[59]. From the data in Figure 26, the
slope of the curve of the moisture-exposed device is greater than that of the control
device, indicating a larger density of interface traps. These results are consistent with
previous work, in which it was shown that moisture exposure and aging-related effects
enhance interface trap buildup in MOS devices [6]-[8].

Figure 27 shows Icp as a function of step time tsrep for the 4-um moisture-
exposed device of Figure 26. For values of tstep that are sufficiently long, Icp will
saturate as traps above the Fermi level emit all charge, and equilibrium is reached.
However, for shorter values of tstep, the emission process will not fully complete before
Vi ow is reached, resulting in a non-equilibrium condition, and Eq. (3.3) is no longer valid

[60]-[63].
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Figure 27: Icp as a function of step time tsrep for 4- um length moisture-exposed pMOS transistor of Figure 26.

From Figure 27, Icp decreases for increasing tstep for each value of step voltage,
and begins to saturate at longer times, corresponding to an equilibrium condition, where
traps above the Fermi level are empty, and those below are filled [61]. From the data in
Figure 26 and Eq. (3.3), the interface trap density as a function of energy can be
estimated. These results are illustrated below for the unirradiated 4-um moisture-exposed

and control devices.
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Figure 28: Interface trap density D; estimated from the data of Figure 26(b) using Eq. (3.3) as a function of trap
energy E-E; before irradiation.

Figure 28 shows the interface trap density Dj; as a function of trap energy E-E; for
the 4-um length moisture-exposed and control pMOS devices of Figure 26(b). The trap
density varies little over the energy range probed. Dj; increases slightly with decreasing
| E+-Ei | (toward midgap), then begins to decrease again. These measurements scanned a
relatively small portion of the lower bandgap; however, the values of D; are quite
consistent with those estimated using the square-pulse charge pumping method, where Dj;
= 8.2 x 10" cm?eV™ for the exposed device, which provides a mean density over the
entire bandgap.

For comparison to the interface trap density, Figure 29 plots Sy at 10 Hz as a
function of |Vg—Vr| for the 4-um moisture-exposed and control device before
irradiation. A line with slope of —2 is drawn on the graph for reference. For both devices,

the slope, f, is significantly less than —2, indicating a border trap density Dy that is not
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uniform, but increases toward the valence band edge [10], [37], similar to other pMOS

transistors in this study. This is illustrated in Figure 30.
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Figure 29: Sy at 10 Hz as a function of | Vo-V1| for the 4-um moisture-exposed and control device of Figure 26(b)

before irradiation.
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Figure 30: Border trap density as a function of energy for the devices of Figure 29.

The inferred border trap density increases with increasing energy toward the

valence band edge. Furthermore, D; varies by more than order of magnitude over the
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energy range investigated, while the D;; estimated from three-level charge pumping varies
significantly less.

After irradiation, both the interface trap and border trap distributions change
significantly, for both the moisture-exposed and control devices, with the exposed device
experiencing the largest changes. Figure 31 and Figure 32 illustrate these changes below.
In Figure 31, Icp is plotted as a function of Vsrep (a), and as a function of tsrep (b), for the
4-um moisture-exposed device after 100 krad(SiO,) total dose irradiation. The same gate
pulse that was used to produce the data in Figure 26 and Figure 27 was used here, with
adjustments made in Vyieny and Viow to accommodate the radiation-induced shift in

threshold voltage.
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Figure 31: Icp as a function of (a) Vstgp and (b) tsrep for the 4-um moisture-exposed device after 100 krad(SiO,) total
dose irradiation.

In addition to the increase in magnitude of Icp, there is a considerable increase in
the slope dlcp/6Vstep after irradiation, indicating a significant increase in interface trap
density. From Figure 31 (b), in contrast to what was observed in Figure 27 (and in

contrast to what is typically observed for these measurements [62], [72]), Icp now
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increases with increasing tstep, and virtually no saturation occurs at all. Likely, this is due
to an increase in the radiation-induced traps that are near enough to the interface to
exchange charge with the semiconductor during the time scale of the measurement
(border traps), and has been observed in the frequency dependence of the charge pumping
current of MOS devices after irradiation [60], [73]. For a device with a large density of
traps located near the Si-SiO, interface, charge may be exchanged with these traps if the
trapping time constant is shorter than the duration of the device in
inversion/accumulation, either directly from the silicon or indirectly via interface traps,
resulting in an increase in the charge recombined per cycle (Qcp = Icp/f theoretically is
constant [58]), and thus an increase in Icp. From these measurements, Eq. (3.3) cannot
accurately be used to estimate Dj; as a function of energy [60]-[63].

Figure 32 shows the post-irradiation gate-voltage dependence of the noise for the
moisture-exposed device. Consistent with moisture exposure on these parts, both the
noise and the slope S increase significantly after irradiation. Figure 33 plots the post-
irradiation border trap density estimated from Figure 32, and the pre-irradiation border

trap density for the moisture-exposed device.
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Figure 32: Sy as a function of | Ve-Vr| for the 4-um moisture-exposed device after 100 krad(SiO,) total dose
irradiation.
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Figure 33: Border trap density as a function of energy for the 4-um moisture-exposed device before and after100
krad(SiO,) total dose irradiation.

These results, combined with those of Figure 31, illustrate the changes in the trap
energy distributions as a function of energy and space, for this transistor after total dose

irradiation. Furthermore, some interface traps that contribute to Icp can contribute to the
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noise, and some “fast” border traps that contribute to the noise can contribute to Icp, as
most likely is the case in Figure 31(b), resulting in an abnormally increasing current with
increasing step time. Therefore, these measurements can provide useful and
complimentary information on the radiation-induced defects at and near the interface that

contribute to device degradation.
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CHAPTER 6

CHARGE PUMPING AND 1/F NOISE IN GE PMOS DEVICES

This chapter describes the 1/f noise and charge pumping results of irradiated Ge
pMOS transistors from two different process splits. Border trap and interface trap
densities are estimated from 1/f noise measurements, square pulse and three-level charge
pumping measurements. Results demonstrate the different effects of processing on the
radiation-induced charge trapping and 1/f noise levels, and also suggest that the noise is

dominated by bulk oxide traps in the gate dielectric.

Interface Trap and Border Trap Densities

Figure 34 shows the drain current Ip as a function of V¢ for a Ge pMOS transistor
(L =5 um, W = 9.8 um) from split D10 before irradiation, and after 100, 200, 500, and

1000 krad(SiOy) total dose.
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Figure 34: Absolute value of the drain current I as a function of gate voltage Vg, before and after total dose
irradiation, after [74].

The shift in V1 with increasing total dose is extremely small. The stretch-out of
the sub-threshold slope is typically proportional to the radiation-induced interface trap
density [67], so the results in Figure 34 suggest there is a very small increase in interface
trap density with increasing total dose. The threshold voltage shift due to interface trap
charge, AVj;, is estimated to be ~ —18 mV at 1000 krad(SiO3). This value corresponds to
an increase in interface trap density A Dj; of ~3.2 x 10" cm?2eV1, Additionally, there is
an increase in the off-state leakage current with irradiation, associated with the radiation-
induced leakage at the perimeter of the drain junction [20], [68].

Figure 35 shows the magnitude of the recombination current, Icp, as a function of
base voltage, Vpase for a Ge pMOS transistor from split D10 with L =5 pm and W = 9.8
um, measured before and after total dose irradiation and 10-hour annealing using the
square pulse charge pumping method. The pulse frequency was 500 kHz, with rise and

fall times of 35 ns, and the base voltage (with constant amplitude of —1 V) was
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incremented from —1 V to +0.5 V. The recombination current was measured at the body

terminal, with the source and drain grounded. Again, the absolute value of Icp is plotted.
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Figure 35: Magnitude of the recombination current Icp as a function of base voltage V. before and after total dose
irradiation and 10-hour annealing. Transmission gate bias was applied during irradiation and annealing, after [74].

There is relatively little change in the charge pumping current with irradiation,
with Icp increasing slightly after each dose, and remaining unchanged through the anneal.
It should be noted that, at room temperature, standard charge pumping techniques can
underestimate the total interface-trap density in Ge because traps near the band edges are
not measured [14]. At lower temperatures, the electron and hole emission levels move
closer to the band edges, [14], [69], and a wider portion of the band gap can be measured.

For all the parts investigated from split D10, relatively small increases in the
charge pumping current were observed with increasing total dose. From Eqg. (3.2) and the
data in Figure 35, Dj; is estimated to be ~4.6 x 10* cm2eV! before irradiation and ~4.7 x
10" cm?eV?! after 1000 krad(SiO,). This corresponds to an increase of ~1.0 x

10* cm2eVv! with irradiation, which is less than the estimate of the radiation-induced
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interface trap density from the midgap method in Figure 34. This suggests a portion of
the stretch-out in the Ip-Vg characteristics may be caused by border traps [49], [70];
additionally, non-uniformities in either trapped oxide charge or in Di(E) can contribute to
this difference.

Figure 36 shows Sy as a function of frequency for a Ge pMOS transistor from
split D10, measured before and after total dose irradiation and 10-hour annealing. Here,
Ve—V1=-0.8 Vand Vp = —100 mV. The frequency exponent a remained between 1 and
1.1 for all devices during each measurement, indicating that the traps contributing to the

noise are nearly constant in energy and space [1], [3], [10], [39].

Pre-Rad 3
——1000 krad ]
—10 hr Anneal:

> 8 Si monolayers
13 -2
> halo = 6.5x10 "cm

Irradiation and Annealing bias

Vs=VD= -1V

VG=VBODY=VSUB= ov

107 Lo i

10’ 10°
Frequency (Hz)

Figure 36: Sy as a function of frequency, before and after total dose irradiation and 10-hour annealing at Vg—V7 =
—0.8V and V= —100 mV. Transmission gate bias was applied during irradiation and annealing [74].

In contrast to the small changes in Icp observed in Figure 35, the noise increases
significantly with total dose irradiation, and decreases after annealing. This suggests a
potentially large increase in border-trap density [3], [49], [54], [70]. From Eg. (2.2) and

the noise data shown in Figure 36, the pre-irradiation border trap density Dy(Es) is
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estimated to be ~6.9 x 10'? cm™eV*. After 1000 krad(SiO-) irradiation, Dy increases to a
value of ~1.3 x 10" cm™?eV™, and then decreases to ~1.1 x 10** cm™eV™ after annealing.
This corresponds to an estimated increase in border trap density of ~5.7 x 10*? cm?Vv™*
after 1000 krad(SiO,) total dose irradiation. Hence, the increase in border traps is much
larger than the increase in interface traps, for the devices with eight Si monolayers.

Figure 37 shows (a) Icp as a function of Vpase and (b) Sy as a function of frequency
at Vg—V1 =-0.8 V and Vp = —100 mV, for a device from split D05, L =5 pm and W =

9.8 um, before and after 1000 krad(SiO;) total dose irradiation and 12-hour annealing.
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Figure 37: (a) Icp as a function of Vi, and (b) Sy as a function of frequency, before and after total dose irradiation
and 12-hour annealing, after [74].

For the devices with five Si monolayers, the increase in charge pumping current is
greater than that observed for the devices with eight Si monolayers, indicating relatively
more radiation-induced interface traps, and the increase in noise is less than observed for

the devices with eight Si monolayers, indicating fewer radiation-induced border traps.
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There is also a negative shift in the Icp-Vpase Curve after irradiation, indicating an increase
in radiation-induced bulk oxide-trap charge.

Figure 38 shows the effective densities of border traps, Dy, and interface traps,
Di, estimated from the noise and charge pumping data in Figure 37, respectively. The
border trap density and interface trap density increase nearly the same amount after 1000
krad(SiO,) total dose irradiation. However, the noise decreases after annealing, while the
interface trap density remains approximately constant. These results are qualitatively
consistent with the results of [15], where devices with the lowest halo implantation doses
exhibited the smallest increases in noise after irradiation, and devices processed with
fewer Si monolayers exhibited enhanced oxide and interface trap charge buildup. We
note that low-frequency noise results from split D05 with eight Si monolayers were not

included in [15].
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Figure 38: Effective densities of border traps Dy, and interface traps D;; before and after1000 krad(SiO,) total dose
irradiation and 12-hour annealing, after [74].
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The results of Figure 36-Figure 38 suggest that different mechanisms are involved
in the different irradiation responses of the noise and charge pumping current.
Specifically, the noise is most likely dominated by bulk traps in the HfO, dielectric layer
[16], [18], rather than by interface traps located either directly at the Si/SiO, interface or
in the ultrathin SiOy layer that lies between the Ge channel and the HfO, passivation
layer. The bulk HfO, trapped charge densities are enhanced significantly during
irradiation, and decrease with annealing [15], while the interface trap density increases

with irradiation, and changes very little with annealing [15], [71].

Enerqy Dependence of Trap Densities

To investigate the energy dependence of the traps contributing to the 1/f noise, Sy
was measured as a function of |VG—VT| for the D05 devices of Figure 37, before and
after 1000 krad(SiO,) total dose irradiation and 12-hour annealing. Here, Vp =—100 mV,

and Vg—V7 varies from —0.3 V to —0.8 V. These results are illustrated in Figure 39.
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Figure 39: Sy at 10 Hz as a function of | VG—VTl before and after1000 krad(SiO,) total dose irradiation and 12-hour
annealing, after [74].

Prior to irradiation, the slope of the data, f, is ~ —1.6. After irradiation, f
increases, and then increases again with annealing. For these parts, in the energy range
investigated, the pre-irradiation slope is less than —2, indicating a trap distribution that is
increasing toward the valence band edge, consistent with what is often observed for
pMOS devices on Si [10], [37]. However, after irradiation and annealing, the data suggest
a more uniform trap distribution. All parts from all splits investigated exhibited similar
dependences.

The three-level charge pumping technique was used to investigate the interface
trap density as a function of energy. The gate pulse had a frequency of 500 kHz, and rise
and fall times of 90 ns, while Vsrep Or tstep Were varied. Figure 40 shows Icp as a
function of step voltage Vstep for the device of Figure 37, before irradiation, after 1000

krad(SiO,) total dose irradiation, and after 12-hour annealing.
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Figure 40: I¢p as a function of step voltage Vsrep before and after1000 krad(SiO,) total dose irradiation and 12-hour
annealing, after [74].

There is a shift in the Icp curves after irradiation and annealing similar to what is
observed in Figure 37(a), consistent with radiation-induced hole trapping. The magnitude
of the current increases with irradiation and then decreases with annealing. The slope of
the curve, dlcp/0Vstep, increases after irradiation, and then increases further after
annealing, indicating an increase in interface trap density.

Figure 41 shows Icp as a function of step time tstep for different values of step
voltage. For the pulse frequency used in these measurements, Icp Saturates, up to and
shorter than the tsrep value used for the data produced in this work, indicating that
equilibrium is established during these step times and at these particular step voltages
[60], [61]. This occurs when traps above the Fermi level corresponding to Vstep are
empty, and those below it are occupied, and empty only by electron capture, thus
recombining and contributing to Icp. This confirms that we can use the three-level charge
pumping measurements and Eq. (3.3) to estimate the energy distributions of interface

traps in these devices [60]-[63].
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Figure 41: 1cp as a function of step time tsrep for different values of Vsrep, prior to irradiation, after [74].

To compare the border trap and interface trap density distributions, Dy and D
from three-level charge pumping (3LCP), and Dj; from square pulse charge pumping
(SPCP), are plotted as a function of trap energy E«—E;, before and after 1000 krad(SiO5)
total dose irradiation and after 12-hour annealing in Figure 42.

The values of Dj; estimated from the square pulse method represent the mean
density of interface traps measured across the band gap; however, for illustrative
purposes, these data points are placed at midgap (where the most effective trapping
occurs). The border trap density is estimated from the data in Figure 39 using Eq. (2.2)
and a smooth fit to the data, and the interface trap density is estimated from the data in
Figure 40 using Eq. (3.3). The values corresponding to Vg—Vt = —0.8 V are indicated on
the graph. During the noise measurements, the applied gate voltage was such that the
device was operating from moderate to strong inversion, while Dj; from three-level

charge pumping was calculated from an interval of data spanning depletion to weak
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inversion. The shape of Dj; estimated from three-level charge pumping is very similar
throughout the irradiation and annealing sequence. The density of interface traps
increases gradually as energy decreases, and then levels off, and begins to decrease

slightly.
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Figure 42: Dy, Dj; from three-level CP, and Dj; from square pulse CP, as a function of trap energy E.—E; before and
after total dose irradiation and 12-hour annealing, after [74].

Di: estimated from the three-level charge pumping differs from the values
obtained from the square pulse method, providing additional insight into the interface
trap densities for this device. Not only are the trap densities smaller in magnitude than the
values estimated from the square pulse method, but also increase beyond the post-
irradiation values with annealing, while Dj; from square pulse changes little with
annealing. These differences occur because, from the square pulse method, Dj; is
estimated from the peak recombination current, which occurs when the voltage range of
the pulse sweeps from below flat band to above threshold, while, during the three-level

technique, Vstep controls the upper boundary of the region contributing to Icp. Therefore,
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the interface trap density that is estimated from Icp sweeps a smaller portion of the band
gap than the region accessed during the square pulse method. These combined results
demonstrate that the interface-trap density can vary significantly with energy across the
Ge band gap.

In contrast to Dy, the energy dependence of the border trap density inferred from
the 1/f noise measurements differs significantly, both in magnitude and distribution, as
illustrated in Figure 42. The pre-irradiation border trap density increases rapidly with
increasing EE; toward stronger inversion. After irradiation, Dy becomes roughly
peaked, and after annealing tends to decrease with increasing energy, but overall varies
much less over the measured energy range. Of course, traps with differing microstructure,
located in different regions of the device, are being measured over different energy
ranges in the band gap. Nonetheless, these measurements provide useful and independent
information about the different trap densities in these devices, and how each varies with
energy. The border traps that lead to the noise are likely located in the near interfacial

SiO; and bulk HfO,, while the interface traps are located at the Ge/SiO, interface.
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CHAPTER 7

CONCLUSIONS

This work has focused on the characterization of defects that lie at or near the
semiconductor-oxide interface of MOS transistors using 1/f noise measurements and
charge pumping measurements. The frequency and gate-voltage dependences of the noise
were investigated for moisture-exposed and control Si nMOS and pMOS transistors
before and after irradiation. For the nMOS devices, moisture exposure did not
significantly enhance or change the noise after irradiation compared to control devices.
For the exposed pMOS parts, significant changes in the noise, and hence, border trap
density, were observed, both through changes in the frequency dependence and gate-
voltage dependence of the noise. Control pMOS devices exhibited similar responses, but
to a lesser degree, presumably due to aging-related effects. The temperature dependence
of the noise was also investigated for the moisture-exposed and control pMOS parts.
Qualitatively different temperature dependences were observed for moisture-exposed and
control devices; changes in the temperature dependence and gate-voltage dependence of
the noise were observed after irradiation for the exposed device, reflecting changes in the
trap distributions.

Three-level charge pumping measurements, in conjunction with noise
measurements, were used to probe the interface and near-interfacial trap densities of
these pMOS devices before and after irradiation. The two methods provide
complementary and consistent estimates of interface trap and border trap densities. In

particular, for the exposed device, enhanced radiation-induced border trap densities were
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observed through an increase in the charge recombined charge per cycle, consistent with
the increased noise and the change in gate-voltage dependence of the noise.

The techniques described above were applied to Ge pMOS transistors in a similar
manner, to gain insight into the properties of the semiconductor/gate-dielectric interface,
and to determine the effects of processing on the defects within that region. The number
of silicon monolayers and the halo implantation dose strongly affect the radiation
response and 1/f noise levels of these devices. In addition, significantly different border
trap and interface trap energy distributions were estimated via 1/f noise and charge
pumping measurements, strongly suggesting that the noise in these devices is not
dominated by defects in the near-interfacial SiO, layer, but rather by bulk oxide traps in

the dielectric layer.

63



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

J. H. Scofield, T. P. Doerr, and D. M. Fleetwood, “Correlation between
preirradiation 1/f noise and postirradiation oxide-trapped charge in MOS
transistors,” IEEE Trans. Nucl. Sci., vol. 36, pp. 1946-1953, 19809.

T. L. Meisenheimer, D. M. Fleetwood, M. R. Shaneyfelt, and L. C. Riewe, “1/f
noise in n-channel and p-channel MOS devices through irradiation and annealing,”
IEEE Trans. Nucl. Sci., vol. 38, pp. 1297-1303, 1991.

D. M. Fleetwood, T. L. Meisenheimer, and J. H. Scofield, “1/f noise and radiation
effects in MOS devices,” IEEE Trans. Electron Devices, vol. 41, pp. 1953-1964,
1994,

J. H. Scofield and D. M. Fleetwood, “Physical basis for nondestructive tests of MOS
radiation hardness,” IEEE Trans. Nucl. Sci., vol. 38, pp. 1567-1577, 1991.

X. J. Zhou, D. M. Fleetwood, I. Danciu, A. Touboul, A. Dasgupta, and S. A.
Francis, “Effects of aging on the 1/f noise of metal-oxide-semiconductor field effect
transistors,” Appl. Phys. Lett., vol. 91, pp. 173501-1—173501-3, 2007.

M. P. Rodgers, D. M. Fleetwood, R. D. Schrimpf, I. G. Batyrev, S. Wang, and S. T.
Pantelides, “The effects of aging on MOS irradiation and annealing response,” IEEE
Trans. Nucl. Sci., vol. 52, pp. 2642-2648, 2005.

I. G. Batyrev, M. P. Rodgers, D. M. Fleetwood, R. D. Schrimpf, and S. T.
Pantelides, “Effects of water on the aging and radiation response of MOS devices,”
IEEE Trans. Nucl. Sci., vol. 53, pp. 3629-3635, 2006.

J. R. Schwank, M. R. Shaneyfelt, A. Dasgupta, S. A. Francis, X. J. Zhou, D. M.
Fleetwood, R. D. Schrimpf, S. T. Pantelides, J. A. Felix, P. E. Dodd, V. Ferlet-
Cavrois, P. Paillet, S. M. Dalton, S. E. Swanson, G. L. Hash, S. M. Thornberg, J. M.
Hochrein, and G. K. Lum, “Effects of moisture and hydrogen exposure on radiation-
induced MOS device degradation and its implications for long-term aging,” IEEE
Trans. Nucl. Sci., vol. 55, pp. 3206-3215, 2008.

D. M. Fleetwood, S. A. Francis, A. Dasgupta, X. J. Zhou, R. D. Schrimpf, M. R.
Shaneyfelt, and J. R. Schwank, “Moisture effects on the 1/f noise of MOS devices,”
in Proc. Trans. 215th ECS Meeting—Silicon Nitride, Silicon Dioxide, and Emerging
Dielectrics 10, R. Ekwal Sah, J. Zhang, J. Deen, J. Yota, and A. Toriumi, Eds., San
Francisco, CA, May 24-29, 2009, pp. 363-377.

S. A. Francis, A. Dasgupta, and D. M. Fleetwood, “Effects of total dose irradiation

on the gate-voltage dependence of the 1/f noise of nMOS and pMOS transistors,”
IEEE Trans. Electron Devices, vol. 57, pp. 503-510, 2010.

64



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

H. Shang, M. M. Frank, E. P. Gusev, J. O. Chu, S. W. Bedell, K. W. Guarini, and
M. Ieong, “Germanium channel MOSFETSs: opportunities and challenges,” IBM J.
Res. Dev., vol. 50, no. 4/5, pp. 377—386, Jul./Sep. 2006.

K. Saraswat, C. O. Chui, T. Krishnamohan, D. Kim, A. Nayfeh, and A. Pethe,
“High performance germanium MOSFETs,” Materials Sci. and Eng. B, vol. 135,
pp. 242—249, 2006.

M. Caymax, M. Houssa, G. Pourtois, F. Bellenger, K. Martens, A. Delabie, and S.
Van Elshocht, “Interface control of high-k gate dielectrics on Ge,” Appl. Surface
Sci., vol. 254, pp. 6094—6099, 2008.

K. Martens, B. Kaczer, T. Grasser, B. De Jaeger, M. Meuris, H. E. Maes, and G.
Groeseneken, “Applicability of charge pumping on germanium MOSFETs,” |IEEE
Electron Device Lett., vol. 29, pp. 1364—1366, 2008.

C. X. Zhang, S. A. Francis, E. X. Zhang, D. M. Fleetwood, R. D. Schrimpf, K. F.
Galloway, E. Simoen, J. Mitard, and C. Claeys, “Effects of ionizing radiation on
defects and 1/f noise in Ge pMOSFETs,” IEEE Trans. Nucl. Sci., vol. 58, pp. 764—
769, 2011.

P. Srinivasan, E. Simoen, B. De Jaeger, C. Clacys, and D. Misra, “1/f noise
performance of MOSFETs with HfO, and metal gate on Ge-on-insulator
substrates,” Materials Sci. and Eng. B, vol. 9, pp. 721—726, 2006.

E. Simoen, J. Mitard, B. De Jaeger, G. Enerman, A. Dobbie, M. Myronov, D. R.
Leasdley, M. Meuris, T. Hoffmann, and C. Claeys, “Defect-related excess low-
frequency noise in Ge-on-Si pMOSFETs,” IEEE Electron Device Lett., vol. 32, pp.
87—89, 2011.

W. Guo, G. Nicholas, B. Kaczer, R. M. Todi, B. De Jaeger, C. Claeys, A. Mercha,
E. Simoen, B. Cretu, J. -M. Routoure, and R. Carin, “Low-frequency noise
assessment of silicon passivated Ge pMOSFETs with TiN/TaN/HfO, gate stack,”
IEEE Electron Device Lett., vol. 28, pp. 288—291, 2007.

D. Maji, F. Crupi, G. Giusi, C. Pace, E. Simoen, C. Claeys, and V. R. Rao, “On the
dc and noise properties of the gate current in epitaxial Ge p-channel metal oxide
semiconductor field effect transistors with TiN/TaN/HfO,/SiO, gate stack,” Appl.
Phys. Lett., vol. 92, pp. 163508-1—163508-3, 2008.

C. X. Zhang, E. X. Zhang, D. M. Fleetwood, R. D. Schrimpf, K. F. Galloway, E.
Simoen, J. Mitard, and C. Claeys, “Effects of processing and radiation bias on
leakage currents in Ge pMOSFETs,” IEEE Trans. Nucl. Sci., vol. 57, pp. 3066—
3070, 2010.

65



[21] E. Simoen, A. Firrincieli, F. Leys, R. Loo, B. De Jaeger, J. Mitard, and C. Claeys,
“Low-frequency noise assessment of the silicon passivation of Ge pMOSFETsS,”
Thin Solid Films, vol. 518, pp. 2493—2496, 2010.

[22] J. J. Simonne, G. Blasquez, and G. Barbottin, “1/f noise in MOSFETSs,” in
Instabilities in Silicon Devices: Silicon Passivation and Related Instabilities, vol. 2,
(Elsevier, Amsterdam, 1989), pp. 639-657.

[23] S. Christensson, I. Lundstrom, and C. Svensson, “Low frequency noise in MOS
transistors,” Solid-State Electronics, vol. 11, pp. 797-812, 1968.

[24] F. Berz, “Theory of low frequency noise in Si MOSTs,” Solid-State Electronics,
vol. 13, pp. 631-647, 1970.

[25] S. T. Hsu, “Surface state related 1/f noise in MOS transistors,” Solid-State
Electronics, vol. 13, pp. 1451-1459, 1970.

[26] A. van der Ziel, “Flicker noise in electronic devices,” in Advances in Electronics
and Electron Physics, vol. 49, edited by Martin and Martin (Academic Press, New
York, 1979), pp. 225-297.

[27] G. Blasquez and A. Boukabache, “Origins of 1/f noise in MOS transistors,” in Noise
in Physical Systems and 1/f Noise, edited by H. Savelli, G. Lecoy, and J. P. Nougier
(Elsevier, Amsterdam, 1983), pp. 303-306.

[28] Z. Celik and T. Y. Hsiang, “Study of 1/f noise in n-MOSFETS: linear regime,” IEEE
Trans. Electron Devices, vol. 32, pp. 2797-2801, 1985.

[29] O. Jantsch and B. Borchert, “Determination of interface state density especially at
the band edges by noise measurements on MOSFETs,” Solid-State Electronics, vol.
30, pp. 1013-1015, 1987.

[30] A. L. McWhorter, “1/f noise and germanium surface properties,” in Semiconductor
Surface Physics. Philadelphia: Univ. Pennsylvania Press, 1957, pp. 207-228.

[31] F. N. Hooge, “1/f noise,” Physica, vol. 83B, pp. 14-23, 1976.

[32] F. N. Hooge and L. K. J. Vandamme, “Lattice scattering causes 1/f noise,” Phys.
Lett., vol. 66A, pp. 315-316, 1978.

[33] K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, “A unified model for the flicker

noise in metal-oxide-semiconductor field-effect transistors,” IEEE Trans. Electron
Devices, vol. 37, pp. 654-665, 1990.

66



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, “A physical-based MOSFET noise
model for circuit simulators,” IEEE Trans. Electron Devices, vol. 37, pp. 1323-
1333, 1990.

G. Ghibaudo, O. Roux, C. Nguyen-Duc, F. Balestra, and J. Brini, “Improved
analysis of low frequency noise in field-effect MOS transistors,” Phys. Stat. Sol.(a),
vol. 124, pp. 571-581, 1991.

R. Jayaraman and C. G. Sodini, “A 1/f noise technique to extract the oxide trap
density near the conduction band edge of silicon,” IEEE Trans. Electron Devices,
vol. 36, pp. 1773-1782, 1989.

J. H. Scofield, N. Borland, and D. M. Fleetwood, “Reconciliation of different gate-
voltage dependencies of 1/f noise in n-MOS and p-MOS transistors,” IEEE Trans.
Electron Devices, vol. 41, pp. 1946-1952, 1994.

H. D. Xiong, D. M. Fleetwood, B. K. Choi, and A. L. Sternberg, “Temperature
dependence and irradiation response of 1/f-noise in MOSFETs,” IEEE Trans. Nucl.
Sci., vol. 49, pp. 2718-2723, 2002.

P. Dutta and P. M. Horn, “Low-frequency fluctuations in solids: 1/f noise,” Rev.
Mod. Phys., vol. 53, pp. 497-516, 1981.

D. M. Fleetwood and N. Giordano, “Direct link between 1/f noise and defects in
metal films,” Phys. Rev. B, Condens. Matter, vol. 31, pp. 1157-1159, 1985.

D. M. Fleetwood, H. D. Xiong, Z. -Y. Lu, C. J. Nicklaw, J. A. Felix, R. D.
Schrimpf, and S. T. Pantelides, “Unified model of hole trapping, 1/f noise, and
thermally stimulated current in MOS devices,” IEEE Trans. Nucl. Sci., vol. 49, pp.
2674-2683, 2002.

H. D. Xiong, D. M. Fleetwood, and J. R. Schwank, “Low-frequency noise and
radiation response of buried oxides in SOI nMOS transistors,” IEE Proc.-Circuits
Devices Syst., vol. 151, pp. 118-124, 2004.

J. R. Schwank, D. M. Fleetwood, H. D. Xiong, M. R. Shaneyfelt, and B. L. Draper,
“Generation of metastable electron traps near the interfacial region of SOI buried

oxides by ion implantation and their effect on device properties,” Microelectron.
Eng., vol. 72, pp. 362-366, 2004.

C. Surya, C. -H. Cheng, and C. -Y. Zhu, “Temperature dependence of flicker noise
in n-channel MOSFET’s fabricated on SIMOX substrates,” in Noise in Physical
Systems and 1/f Fluctuations, T. Musha, S. Sato, and M. Yamamoto, Eds. Burke,
VA: 10S Press, Inc., 1992, pp. 257-260.

67



[45] T. R. Oldham and F. B. McLean, “Total ionizing dose effects in MOS oxides and
devices,” IEEE Trans. Nucl. Sci., vol. 50, pp. 483-499, 2003.

[46] S.N. Rashkeev, D. M, Fleetwood, R. D. Schrimpf, and S. T. Pantelides, “Defect
generation by hydrogen at the Si-SiO, interface,” Phys. Rev. Lett., vol. 87, pp.
165506-1—165506-4, 2001.

[47] lonizing Radiation Effects in MOS Devices and Circuits, T. P. Ma and P. V.
Dressendorfer, Eds. New York: Wiley, 1989, pp. 17-23.

[48] T. L. Meisenheimer and D. M. Fleetwood, “Effect of radiation-induced charge on
1/f noise in MOS devices,” IEEE Trans. Nucl. Sci., vol. 37, pp. 1696-1702, 1990.

[49] D. M. Fleetwood, P. S. Winokur, R. A. Reber, T. L. Meisenheimer, J. R. Schwank,
M. R. Shaneyfelt, and L. C. Riewe, “Effects of oxide traps, interface traps, and
border traps on metal-oxide-semiconductor devices,” J. Appl. Phys., vol. 73, pp.
5058-5074, 1993.

[50] F. J. Feigl, D. R. Young, D. J. DiMaria, S. Lai, and J. Calise, “The effects of water
on oxide and interface trapped charge generation in thermal SiO, films,” J. Appl.
Phys., vol. 52, pp. 5665-5682, 1981.

[51] M. Yoshimaru and H. Matsuhashi, “Moisture resistance of annealed BPSG glass

films for very large scale integrated circuits applications,” J. Electrochem. Soc., vol.
143, pp. 3032-3037, 1996.

[52] A. G. Thorsness and A. J. Muscat, “Moisture absorption and reaction in BPSG thin
films,” J. Electrochem. Soc., vol. 150, pp. F219-F228, 2003.

[53] P. M. Lenahan and P. V. Dressendorfer, “Hole traps and trivalent silicon centers in
metal/oxide/silicon devices,” J. Appl. Phys., vol. 55, pp. 3495-3499, 1984.

[54] D. M. Fleetwood and J. H. Scofield, “Evidence that similar point defects cause 1/f
noise and radiation-induced-hole trapping in  metal-oxide-semiconductor
transistors,” Phys. Rev. Lett., vol. 64, pp. 579-582, 1990.

[55] W. L. Warren, M. R. Shaneyfelt, D. M. Fleetwood, J. R. Schwank, P. S. Winokur,
and R. A. B. Devine, “Microscopic nature of border traps in MOS oxides,” IEEE
Trans. Nucl. Sci., vol. 41, pp. 1817-1827, 1994.

[56] J. S. Brugler and P. G. A. Jespers, “Charge pumping in MOS devices,” IEEE Trans.
on Electron Devices, vol. ED-16, pp. 297—302, 1969.

[57] A. B. M. Elliot, “The use of charge pumping currents to measure surface state
densities in MOS transistors,” Solid-State Electron., vol. 19, pp. 241—247, 1976.

68



[58] G. Groeseneken, H. E. Maes, N. Beltran, and R. F. De Keersmaecker, “A reliable
approach to charge-pumping measurements in MOS transistors,” IEEE Trans.
Electron Devices, vol. ED-31, pp. 42—53, 1984.

[59] D. K. Schroder, “Interface trapped charge,” in Semiconductor material and device
characterization, 3rd ed. New Jersey: John Wiley and Sons, Inc. 2006, pp. 354—
356.

[60] J. L. Autran, B. Balland, and D. Babot, “Three-level charge pumping study of
radiation-induced defects at Si-SiO; interface in submicrometer MOS transistors,” J.
Non-Cryst. Solids, vol. 187, pp. 211—215, 1995.

[61] W. L. Tseng, “A new charge pumping method of measuring Si-SiO, interface
states,” J. Appl. Phys., vol. 62, pp. 591—599, 1987.

[62] N. S. Saks and M. G. Ancona, “Determination of interface trap capture Cross
sections using three-level charge pumping,” IEEE Electron Device Lett., vol. 11, pp.
339—341, 1990.

[63] J. E. Chung and R. S. Muller, “The development and application of Si-SiO,
interface-trap measurement system based on the staircase charge-pumping
technique,” Solid-State Electron., vol. 32, pp. 867—882, 1989.

[64] R. Entner, “Modeling and simulation of negative bias temperature instability,”
doctoral dissertation, Dept. Electrical Engineering and Information Technology,
Vienne University of Technology, Vienna, Austria, 1997.

[65] D. M. Fleetwood, S. L. Miller, R. A. Reber, Jr., P. J. McWhorter, P. S. Winokur, M.
R. Shaneyfelt, and J. R. Schwank, ‘“New insights into radiation-induced oxide-trap
charge through thermally-stimulated-current measurement and analysis,” IEEE
Trans. Nucl. Sci., vol. 39, pp. 2192-2203, 1992.

[66] D. M. Fleetwood, P. S. Winokur, M. R. Shaneyfelt, L. C. Riewe, O. Flament, P.
Paillet, and J. L. Leray, “Effects of isochronal annealing and irradiation temperature
on radiation-induced trapped charge,” IEEE Trans. Nucl. Sci., vol. 45, pp. 2366—
2374, 1998.

[67] P.J. McWhorter and P. S. Winokur, “Simple technique for separating the effects of
interface traps and trapped-oxide charge in MOS transistors,” Appl. Phys. Lett., vol.
48, pp. 133—135, 1986.

[68] R. Arora, E. Simoen, E. X. Zhang, D. M. Fleetwood, R. D. Schrimpf, K. F.
Galloway, B. K. Choi, J. Mitard, M. Meuris, C. Claeys, A. Madan, and J. D.
Cressler, “Effects of halo doping and Si capping layer thickness on total-dose
effects in Ge pMOSFETs,” IEEE Trans. Nucl. Sci., vol. 57, pp. 1933—1939, 2010.

69



[69] G. V. den Bosch, G. V. Groeseneken, P. Heremans, and H. E. Maes, “Spectroscopic
charge pumping: a new procedure for measuring interface trap distributions on
MOS transistors,” IEEE Trans. Electron Devices, vol. 38, pp. 1820—1831, 1991.

[70] D. M. Fleetwood, M. R. Shaneyfelt, and J. R. Schwank, “Estimating oxide,
interface, and border-trap densities in MOS transistors,” Appl. Phys. Lett., vol. 64,
pp. 1965—1967, 1994.

[71] S. K. Dixit, X. J. Zhou, R. D. Schrimpf, D. M. Fleetwood, S. T. Pantelides, R. Choi,
G. Bersuker, and L. C. Feldman, “Radiation induced charge trapping in ultrathin
HfO,-based MOSFETs,” IEEE Trans. Nucl. Sci., vol. 54, pp. 1883—1890, 2007.

[72] M. G. Ancona and N. S. Saks, “Numerical simulation of 3-level charge pumping,”
J. Appl. Phys., vol. 71, pp. 4415—4421, 1992.

[73] R. E. Paulsen, R. R. Siergiej, M. L. French, and M. H. White, “Observation of near-
interface oxide traps with the charge-pumping technique,” IEEE Electron Device
Lett., vol. 13, pp. 627—629, 1992.

[74] S. A. Francis, C. X. Zhang, E. X. Zhang, D. M. Fleetwood, R. D. Schrimpf, K. F.
Galloway, E. Simoen, J. Mitard, and C. Claeys, “Comparison of charge pumping
and 1/f noise in irradiated Ge pMOSFETS,” submitted to IEEE Trans. Nucl. Sci.,
2011.

70



