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CHAPTER 1

INTRODUCTION

Hydrogen is used in the manufacturing of integrated circuits to reduce the
concentration of defects at the silicon-silicon dioxide interface and improve device
performance. However, after fabrication, the presence of hydrogen and hydrogenous
species can enhance the degradation of some bipolar transistors when exposed to ionizing
radiation [1]-[3]. Such degradation can be a practical concern for hardness assurance
testing if trace amounts of hydrogen are sealed in the package cavity or in the device
materials and diffuse into the silicon over time [1]. These results raise the question of
how accurately the radiation response of bipolar transistors can be evaluated prior to
system insertion because of the evolution of the radiation response over time. This is
important because aging studies have shown that hydrogen-related species (such as water
or molecular hydrogen) can strongly affect the long-term radiation response of the more
common MOS devices [4]-[8].

The radiation response of linear bipolar devices is a concern because space
systems often rely on common bipolar parts such as operational amplifiers and voltage
regulators. Recent efforts have focused on lateral PNP transistors because they have been
shown to be particularly sensitive to hydrogen exposure and are used in many common
integrated circuits [1], [2], [9]-[11]. Gated lateral PNP (GLPNP) bipolar transistors are a
popular choice for test vehicles due to their ability to separate the radiation-induced

degradation caused by interface traps and oxide trapped charge, allowing insight into the



mechanisms of the hydrogen-enhanced degradation that affect a variety of commonly
used parts [12] [13].

In this work, new experimental data, obtained from GLPNP transistors on an
ELDRS test chip [9], [14] with a radiation response that is sensitive to hydrogen [2], [3],
are compared to six-year-old data on identical devices from the same wafer in order to
study how the radiation response of hydrogen-sensitive devices evolves with age. When
these devices are irradiated after six years of room-temperature storage, the radiation-
induced interface-trap and oxide-trapped charge densities are lower than they were six
years earlier. Hydrogen soaking experiments are also performed to evaluate the
dependence of defect buildup and annealing on hydrogen exposure. The radiation
response of transistors with P-glass (phosphorus-doped silicon dioxide) passivation that
have been soaked in hydrogen prior to irradiation is also compared to data obtained
previously using unpassivated transistors [14]. The real-time radiation and subsequent
annealing results of transistors with P-glass passivation are more affected by pre-
irradiation hydrogen soaking than are unpassivated transistors. The mechanisms

responsible for these results and the hardness assurance implications are discussed.



CHAPTER 1T

BACKGROUND AND MOTIVATION

Hydrogen Enhanced Degradation

Ambient hydrogen has been shown to enhance the degradation of several types of linear
bipolar devices when they are exposed to ionizing radiation [1]-[3]. In [1] the radiation
response of the AD590 temperature transducer, a linear bipolar device, was shown to be
affected by differences in the packaging of the devices. Parts packaged in flat-packs
showed higher changes in output current, a sign of increased degradation, than parts
packaged in TO-52 cans [1], as shown in Fig. 1. Residual gas analysis revealed that there
was a small concentration of hydrogen present in the flat-packs, but no detectable
hydrogen concentration in the TO-52 cans, suggesting that hydrogen was responsible for
the enhanced degradation [1]. In order to understand the relationship between the
presence of hydrogen and degraded radiation response of bipolar devices, experiments
were performed that soaked bipolar transistors prior to irradiation in either varying
concentrations of hydrogen [2] or 100% hydrogen concentration for varying amounts of
time [3]. Their radiation responses were then compared at a given total dose. The results
showed that, in both cases, the concentration of radiation-induced interface traps and

oxide trapped charge increased with the amount of hydrogen present, as seen in Fig. 2.
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Fig. 1. Plot of output current versus dose for AD590 transducers in packages containing
small concentrations of hydrogen and packages with no detectable level of hydrogen [1].
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Fig. 2. Radiation-induced interface traps and oxide trapped charge versus molecular
hydrogen concentration in the field oxide for GLPNP transistors irradiated to 30
krad(SiOy) [2].

Accelerated Hardness Assurance

Hydrogen has also been linked to another major issue for linear bipolar
transistors, Enhanced Low Dose Rate Sensitivity (ELDRS) [15], [16], [17]. Parts that
show increased degradation at a low dose rate compared to a higher dose rate at the same
total dose are considered to exhibit ELDRS. The ELDRS phenomenon will be explained

in greater detail in the next chapter. The reason that ELDRS is of so much concern is



because space is a low-dose-rate environment and dose rates commonly used on Earth to
test parts are significantly higher. In response to this, parts that may exhibit ELDRS must
be tested at a low dose rate or undergo a test designed to accelerate radiation-induced
degradation and simulate low-dose-rate effects. Testing at a low dose rate is usually
undesirable because such testing may take many months. However, while ELDRS has
been documented for close to twenty years, the proposed accelerated hardness assurance
tests still have problems.

Elevated temperature (ET) irradiations have been shown to simulate low dose rate
degradation at higher dose rates; however, temperature effects on radiation responses
vary from part to part, preventing ET irradiation from being a generally applicable
screening test [18], [19], [20]. Elevated temperatures can anneal damage over time,
resulting in an underestimated radiation response, especially in the case of very long
high-temperature irradiations [18]. In some cases ET irradiation has enhanced the
degradation seen at high dose rate, as desired, but not to the extent of actual irradiation at
low dose rates of ~ 0.01 rad(Si)/s [18], [21]. Additionally, it was found that high
temperature annealing after irradiation could cause significant recovery, reinforcing that
high temperatures can improve the radiation response of devices and may not simulate
the mechanisms of ELDRS [22]. These results demonstrate that while ET irradiation may
correctly produce low-dose-rate degradation in some cases, there is significant variability
in the radiation response between parts. Characterization of the low-dose-rate and
temperature dependent radiation response is required before applying ET irradiation as a
screening process.

Another factor complicating hardness assurance tests is that exposure to high



temperatures prior to irradiation can have significant effects on radiation response. A
study that applied pre-irradiation elevated temperature stress (PETS) to LM111 voltage
comparators found that PETS could reduce radiation-induced degradation and even
suppress or eliminate ELDRS in some cases [23]. Due to this, similar devices may show
different radiation responses because of differences in the number and intensity of
thermal stresses endured during packaging [23]. ET irradiations may not correctly predict
degradation for devices with such temperature sensitivities.

The various ways that temperature can affect radiation response have prevented a
general accelerated hardness assurance test involving temperature from being developed.
Screening still requires individual device characterization of low dose rate response, ET
irradiation response, and PETS sensitivity (involving accounting for all thermal stresses
over the device lifetime). A recent experiment showing that hydrogen exposure can cause
increased degradation at high dose rates [11] has created interest in investigating the
possibility of an accelerated hardness assurance test involving hydrogen. The increased
degradation at high dose rates with hydrogen exposure fits with the current understanding
of how hydrogen affects ELDRS in specific devices. The high concentration of hydrogen
causes increased competition between proton release and electron-hole recombination
(for a more detailed explanation, see the next chapter) [24]. Fig. 3 shows results from
[11] that plot interface trap density versus dose rate for GLPNP transistors soaked in

varying concentrations of hydrogen.
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Fig. 3. Interface trap concentration vs. dose rate for GLPNP transistors irradiated to 30
krad(Si) in three different concentrations of hydrogen [11].

For these devices, as the hydrogen concentration increases, the radiation-induced
degradation increases and the dose rate at which enhanced degradation is observed
becomes higher [11]. It is proposed in [11] that it may be possible to create an accelerated
hardness assurance test by exposing parts to 100% hydrogen atmosphere and irradiating
them, using this degradation as an upper bound for the degradation that would be
observed at low dose rates. However, as with temperature, the role of hydrogen in device
degradation or enhancement is complex and tied to many processes and care must be
exercised not to apply hydrogen screening too broadly.

This thesis investigates the various factors that determine the effects of hydrogen

on bipolar and MOS devices and discusses the risks involved in using hydrogen



screening as an accelerated hardness assurance test. It will be shown that hydrogen has a
dual role and that the radiation response of hydrogen-sensitive devices is dependent on a

variety of factors like oxide quality, hydrogen diffusion over time, and passivation type.



CHAPTER 1II

TID EFFECTS ON MOS AND LATERAL PNP BIPOLAR OXIDES

Gain Degradation

The primary effect of total ionizing dose (TID) on lateral PNP bipolar transistors
is gain degradation caused by interface traps [25]. When traps are created at the Si/Si0,
interface during irradiation, they introduce additional recombination centers in the silicon
band gap, resulting in an increase in the surface recombination velocity. The area of
concern for a lateral PNP transistor is the region over the active base, since the current
flow between the emitter and the collector will be at the surface of the transistor and will
be highly affected by the increased recombination centers, as seen in Fig. 4 [25]. The
increase in surface recombination leads to excess base current, which degrades the
current gain of the transistor, defined as the ratio of the collector current to the base
current. This is a critical parameter since bipolar devices are often used as current

amplifiers.

10



Additional recombination centers

1.7/ N\ N[\

a
I.'
Pomgy

p+

rETRIT

-
-

qast .

FrsIrFrTRATEET [ ]

-

.
LI
.
ey
®rEsgutarrriIre

Fig. 4. Cross section of a lateral PNP bipolar transistor showing the radiation-induced
interface traps acting as recombination centers at the surface of the transistor where the
current is flowing when biased in forward active mode. After [25].

Interface Trap Creation

The mechanisms responsible for interface trap creation have been extensively
studied. The consensus is that the dominant process is the depassivation of Si-H bonds at
the interface by protons released by holes generated by ionizing radiation [26]. Radiation
generates electron-hole pairs in the oxide. Fig. 5 depicts the transport and trapping
reactions for electrons and holes in a MOS structure under positive bias. Though the
gates on the GLPNP transistors in this study were kept at O V during irradiation, the
workfunction difference still creates a positive electric field from the gate to the interface.
Under the influence of this field, electrons are transported toward the gate while holes are
transported toward the interface. The radiation-induced degradation depends on the hole
yield, the number of holes that escape recombination with electrons, which is determined

primarily by the energy of the radiation, the strength of the electric field in the oxide, and
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the initial concentration of electron hole pairs [26]. Once holes are generated, they
rapidly become trapped in shallow trap states and migrate via polaron hopping, moving
from one trap to the next [26]. This slows down the hole transport considerably compared
to electrons, with effective mobility values ranging from 10" to 10 em?/Vs [17]. While
holes are migrating through the oxide, they may interact with defect sites containing
hydrogen, releasing the hydrogen as protons H' [24], [26]. Protons then are transported to
the interface where they can depassivate Si-H bonds, creating interface traps according to
this reaction: H" + Si-H — DB" + H, [27], where DB" is a dangling silicon bond. For
bipolar devices, the overall picture is similar, but without a gate providing positive bias,
the electric field is very low (the gated devices in this experiment also had low electric
field because they were irradiated at O V bias). This results in lower charge yields since
the electric field helps to separate holes and electrons created by ionizing radiation before
they recombine [26]. The low electric field also means that the primary charge transport
mechanism is diffusion instead of drift and that there is increased chance that electrons

can neutralize trapped holes before they can release protons [24].

12
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ELDRS

As previously described, ELDRS is a major issue for linear bipolar transistors
[20], [25], [29], especially since dose rates in space are generally much lower than the
dose rates used for testing parts on Earth; the search for a general method to screen
ELDRS-sensitive parts at higher dose rates is still ongoing. Parts that show increased
degradation at low dose rates are considered to be ELDRS sensitive. Note that parts are
only considered to be ELDRS-sensitive if they exhibit a true dose rate effect, such that
even if the high dose rate device is annealed at room temperature for the same length of

time as the irradiation at low dose rate, the degradation at low dose rate will still be

13



greater. The relative increase in degradation from high dose rate plus anneal to low dose
rate is called the true dose rate enhancement factor [9]. Fig. 6 shows an example of

enhancement factors versus dose rate for several types of bipolar ICs.
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Fig. 6. Relative damage (enhancement factor) versus dose rate for several different
bipolar ICs [30].

There are many theories to explain why ELDRS occurs. Some of the prominent
ones are briefly described here. It has been proposed that the space charge created in the

bulk of the oxide affects the transport of other charged species, reducing the number of
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protons that arrive at the interface [31], [32]. It has also been suggested that the density of
defects that act as Shockley-Read-Hall recombination centers compared to the density of
defects that act as shallow hole traps is important since an increased availability of
recombination centers would reduce the holes available to release protons [33]. The
presence of hydrogen, which may be released from the packaging [1] or be present in
some part of the device like the passivation layers [34], has also been shown to be an
important factor in the ELDRS response of bipolar devices [2], [11]. When ionizing
radiation creates electron-hole pairs, under positive bias, electrons are transported to the
gate and holes are transported to the interface. While migrating toward the interface,
holes have a chance to either recombine with electrons or release hydrogen from defects
in the form of protons that can migrate to the interface and create interface traps. Once a
hole has transferred its charge to a proton, it is unlikely to be neutralized by an electron,
making this competition between recombination and proton release key to the amount of
degradation [24]. At high dose rates when large concentrations of electrons and holes are
present simultaneously, more holes recombine with electrons, limiting the interface traps
created by protons [24]. Introducing additional hydrogen increases the number of holes
that release protons instead of recombining with electrons, suppressing high dose rate
effects and resulting in higher degradation for a given dose rate [24]. ELDRS effects have
also been shown to depend on a number of other factors such as processing steps, pre-

irradiation testing procedures, aging, temperature, and bias [9], [23], [34], [35].
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CHAPTER 1V

EXPERIMENTS

The Gated Lateral PNP Bipolar Transistor

The devices tested in this study are GLPNP transistors from an ELDRS test chip
designed by NWSC Crane and fabricated by National Semiconductor in Arlington, TX
[9]. The experiments from [2] and [3] were also performed on gated lateral PNP bipolar
transistors. These devices are of interest because of their ability to separate the change in
interface trap concentration and the oxide trapped charge, providing additional insight
into the mechanisms responsible for the degradation in bipolar devices. This has made the
GLPNP transistor a popular device for investigating ELDRS [9], hydrogen enhanced
degradation [2], [3] and the connection between hydrogen and ELDRS [24].

The GLPNP bipolar transistor, shown in Fig. 7, has a metal gate over the active
base region that controls the surface potential (and consequently the surface carrier
concentrations) between the emitter and collector [13]. Surface recombination depends
on the surface carrier concentrations, as recombination is highest when the concentrations
of electrons and holes are relatively equal, and base current increases with surface
recombination in these devices [13], [36]. Sweeping the gate electrode voltage so that the
active base goes from accumulation to depletion and monitoring the resulting base
current with respect to gate voltage is a common metric for measuring interface traps. A
sample output is shown in Fig. 8. One of the key characteristics of the gate sweep is the

peak base current, which occurs when the surface recombination is maximized. The

16



change in interface trap concentration can be extracted by comparing the peak base
currents from different gate sweeps because the difference in the peak base currents can
be attributed to the increase in surface recombination velocity (SRV) caused by interface
traps [13], [36]. The relationship can be approximated by this equation [13], [36]:

SRV =06 vy Nj¢ (D)
where o is the capture cross section, vy, is the thermal velocity of the charge carriers, and
N is the interface trap concentration [37].

The gate on a GLPNP bipolar transistor can be used to operate the device as a
MOSFET, treating the emitter and collector as source and drain [13]. In this mode of
operation, the device can be characterized using MOSFET Ip-V; and Gummel
measurements. These are often used to extract the change in oxide trapped charge for

these devices using the method described by Winokur, et al. [38].

gate

amitter collector base

Gy e

Oxide - Active base region

Fig. 7. Cross section of a gated lateral bipolar transistor [36].
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difference in interface trap concentration.

Experimental Setup

The GLPNP transistors used in this study were stored in a cabinet in conductive
foam at room temperature with no humidity control from 2003 until testing in 2009. The
transistors used in this experiment have base oxide thicknesses of either 1.2 um or 0.56
um. Transistors with two different passivation types were tested: the first has a layer of
phosphorus-doped silicon dioxide (P-glass) deposited over the field oxide and metal gate,
and the second has no passivation. Three groups of four devices with P-glass passivation

and one group with no passivation were irradiated to 10 krad(SiO;). An air-tight glass
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tube was used to soak two groups of P-glass devices in hydrogen prior to and during
irradiation. In addition, one group with no passivation and one group with P-glass
passivation were irradiated without exposure to hydrogen. The first hydrogen-soaked P-
glass group was soaked in 100% hydrogen (H,) at atmospheric pressure (760 torr) for six
hours before irradiation. The second hydrogen-soaked P-glass group was soaked for one
hour before irradiation. All leads were shorted during irradiation, which leads to worst
case ELDRS response in these devices [9].

After irradiation, the thick (1.2 um) and thin (0.56 pm) oxide transistors on each
chip were characterized via subthreshold MOSFET I)-V; measurements, BJT 13-V
measurements at fixed Vpg (gate sweeps), and standard Gummel measurements (/¢ and I
vs. Vgp) [1], [2]. The emitter voltage was set to 0.5 V for the gate sweeps. The device
radiation responses were compared to results on similar devices from the same wafer
irradiated in 2003. Following irradiation, the measurements were performed again after

approximately 20 h and 100 h of room temperature annealing.

Soaking and Annealing Results

The buildup and annealing of radiation-induced interface traps and oxide trapped
charge for transistors exposed to varying amounts of hydrogen and with different
passivation layers were examined. Fig. 9 shows gate sweeps from thick oxide GLPNP
transistors with P-glass passivation, one from each of the three groups (six hours, one

hour, and zero hours in 100% hydrogen) prior to irradiation to 10 krad(SiO,).
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Fig. 9. Gate sweeps of base current vs. gate voltage from all three groups of P-glass
devices with thick oxides showing measurements immediately after irradiation and two
annealing measurements. Arrows indicate increasing anneal time.

The peak base current is directly related to the interface trap density, and lateral shifts in
the curves can be related to oxide-trap charge [1], [2]. The longer a P-glass passivated
device is soaked in hydrogen prior to irradiation, the more the base current increases
(indicating increases in radiation-induced interface traps), which is consistent with
previous work [2], [3]. The peak base current of transistors soaked in hydrogen decreases
with increasing post-irradiation annealing time, whereas the peak base current of

transistors not exposed to hydrogen increased slightly during annealing.
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Fig. 10 shows the oxide-trapped charge densities extracted from subthreshold
sweeps for all thick oxide transistors, using the midgap charge separation technique
described in [38]. Each point is an average of the four devices in a group; the error bars
show the standard deviation. For the transistors with P-glass passivation, devices exposed
to hydrogen show higher concentrations of oxide-trapped charge immediately after
irradiation, but anneal at a faster rate than the devices not exposed to hydrogen, similar to
response trends for unpassivated transistors fabricated in the same process, as reported in
[14]. The oxide trapped charge concentrations in the hydrogen-soaked transistors,
initially higher, eventually reached values that are less than those for the non-hydrogen
exposed devices.

In Fig. 10 the unpassivated, unsoaked transistors anneal more slowly than
unsoaked P-glass transistors, suggesting that surface passivation has an effect on the
sensitivity of a transistor to hydrogen. Comparing the annealing curves in Figs. 10 and 11
shows that the oxide-trapped charge annealing curves for the hydrogen-soaked devices
cross over those of transistors not exposed to hydrogen. In Fig. 10, the crossover occurs
at ~100 h, whereas in Fig. 11 the cross-over occurs at ~1000 h. The data from [14] were
obtained from unpassivated GLPNP transistors from the same lot. Thus, the P-glass-
passivated transistors anneal an order of magnitude faster than the unpassivated

transistors.
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Fig. 10. Average oxide trapped charge density as a function of time for all four groups of
devices. Error bars represent one standard deviation.
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Fig. 12. Subthreshold sweeps for GLPNP transistors with thick oxide and no passivation.
Data from 2009 are plotted with red triangles and data from 2003 are plotted with black
squares.

Aging Comparisons

Hydrogen can diffuse into and out of the oxides of bipolar devices. Since this may
result in varying concentrations of hydrogen within a device over the course of its
lifetime, comparisons are made on hydrogen sensitive devices that have been stored for
six years to see what effects aging has on radiation response. Fig. 12 shows the
subthreshold sweeps of transistors from 2003 and 2009 that had thick oxides and no
passivation. The threshold voltage shift in 2009 is smaller than that measured in 2003.

However, because of variability in the pre-irradiation characteristics, no clear conclusions
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can be drawn about aging-related changes in pre-irradiation threshold voltage. For greater
ease in comparison, Fig. 13 plots the radiation-induced oxide trapped charge
concentrations for P-glass and unpassivated devices with thick and thin oxides irradiated

in 2003 and 2009.
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Fig. 13. Oxide trapped charge densities for devices tested in 2003 and 2009. All devices
were irradiated to 10 krad(SiO5).

The oxide trapped charge concentrations measured from devices in 2003 are listed on the
x-axis and the concentrations from devices in 2009 on the y-axis. An equal concentration
line representing no difference between measurements is drawn for reference. If a data

point lies to one side of the line, then the group on that side of the line has the larger
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concentrations of radiation-induced oxide trapped charge. In each case, the post-

irradiation oxide trapped charge concentration is larger for transistors irradiated and

tested in 2003.
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Fig. 14. Interface trap concentrations for devices tested in 2003 and 2009. All devices
were irradiated to 10 krad(Si0,).

Similarly, Fig. 14 shows the radiation-induced interface trap concentrations for the 2003
and 2009 data. In this case, P-glass devices with thick oxides show greater average
radiation-induced interface trap concentrations in 2009 than in 2003 (but large device-to-
device variation), whereas in the three other cases the concentrations are lower in 2009.

Overall, most of the 2009 data have lower concentrations of both radiation-induced
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interface traps and oxide trapped charge, suggesting that the radiation responses of these
non-hermetically stored hydrogen-sensitive devices have improved with aging,

The soaking and annealing experiments demonstrate how hydrogen alters the
buildup and annealing of radiation-induced interface traps and oxide trapped charge and
how device passivation can also affect radiation response. Aging comparisons made
between identical devices irradiated six years apart show that the radiation response of
hydrogen-sensitive parts can improve over time, in contrast to the significant degradation
observed over time for devices stored in hermetically sealed packages with significant
internal hydrogen concentrations [1], [2]. These findings show that the radiation response
of hydrogen sensitive devices can evolve with age, illustrating the need to understand the
factors that determine the complex interplay between hydrogen and defects in

microelectronic devices.
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CHAPTER V

DISCUSSION AND HARDNESS ASSURANCE IMPLICATIONS

The Dual Role of Hydrogen

The results of this and previous studies on these and other linear bipolar and MOS
devices emphasize the dual role that hydrogen plays in bipolar transistor radiation
response and device reliability. For some situations hydrogen can improve the radiation
response; while in others cases, it can degrade it. This depends primarily on whether
hydrogen is diffusing into or out of a device over time and whether the initial defect
concentration favors passivation or depassivation reactions. Molecular hydrogen can
passivate interface traps, reducing degradation, or release protons that depassivate Si-H
bonds, creating interface traps. A higher initial concentration of passivated bonds tends to
favor depassivation in a hydrogen-rich environment, degrading the radiation response. A
higher initial concentration of depassivated bonds tends to favor passivation in a

hydrogen-rich environment, improving the radiation response.

Net Depassivation Reactions

Hydrogen can create defects via depassivation that degrade radiation response.
Hydrogen atoms that are present in bonded configurations in the oxide during irradiation
can be released as protons [2], [3], which can then depassivate Si-H bonds at the Si-SiO,
interface in the following manner: H* + Si-H — DB™ + H, [27]. DB+ represents a

positively charged dangling bond, which functions as an interface trap. Following
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irradiation, the charge state of the interface traps will be determined by the surface
potential. A transistor that initially has a significant concentration of Si-H bonds, as
opposed to dangling bonds, will degrade when irradiated while hydrogen is present in the
oxide. The remaining variable is whether the hydrogen concentration in the oxide is
increasing or decreasing with time. For cases in which transistors initially have a
relatively low defect density and then are stored in a hydrogen-rich environment, the
radiation response typically degrades with storage time since hydrogen diffuses into the
oxide [1], [6], [9], [14].

The transducers discussed previously in [1] (see Fig. 1) fall into the category
where hydrogen contained inside the package cavity gradually diffused into the devices,
degrading the radiation response (increased output current at a given total dose)
compared to identical parts that had no significant hydrogen in the packaging. In contrast,
the data plotted in Figs. 13 and 14 suggest that the GLPNP transistors in this study had
excess hydrogen trapped in the device layers during processing and originally would have
favored a net depassivation reaction, but hydrogen diffused out of the parts over time,

improving their radiation response compared to the previously irradiated parts.

Net Passivation Reactions

Hydrogen may also passivate dangling bonds, improving the device
characteristics. This can happen according to the reaction H, + DB" — Si-H + H, where a
hydrogen molecule reacts with a dangling bond to produce a Si-H bond and an atomic
hydrogen inserted into a Si-Si bond near the interface [39]. Devices that start with a

relatively high defect density and are subsequently exposed to a hydrogen-rich

29



environment may be dominated by defect passivation processes associated with hydrogen
[4], [40], [41]. An example of such passivation is described in [7], where aluminum gate
MOS capacitors showed reductions in radiation-induced oxide trapped charge after more
than 14 years of aging. Pre-irradiation baking reversed the trend and increased the
radiation-induced oxide trapped charge and interface trap concentration. It was concluded
in that study that hydrogenous species had likely diffused into the devices and passivated
defects, which were then depassivated through baking [7]. It should be noted that pre-
irradiation baking may not have the same effect on every device, supported by the
variability in PETS sensitivity [23], preventing this method from being a general way to

reverse hydrogen effects.

Hydrogen Incorporation During Processing

While the behavior of hydrogen in a device over its lifetime depends primarily on
whether hydrogen is diffusing into or out of the oxide and the initial concentrations of
interface traps versus Si-H bonds, other factors like the detailed processing conditions
during critical manufacturing steps also affect how hydrogen interacts with a device. In
this regard, it should be noted that hydrogen inevitably is introduced into devices during
processing, but under conditions such that its behavior often differs from that observed
during these and previous experiments.

That ionizing radiation causes an increase in interface traps without hydrogen
soaking demonstrates that there must be some hydrogen already present in the device.
Normal degradation still occurs via interface traps created by protons. This form of

hydrogen is not free molecular hydrogen, but atomic hydrogen bonded to a defect in the
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oxide, passivating it. These passivated defects can be created by cracking molecular
hydrogen at the defect site. However, prior to irradiation, density functional theory
calculations [42] show that hydrogen molecules have a high energy barrier (> 1.5 eV) to
crack at oxygen vacancies. During processing, where temperatures can be on the order of
450 °C, a 1.5 eV barrier will not suppress the reaction and some hydrogen will crack at
defects. Therefore, the hydrogen incorporated during processing steps can efficiently
passivate point defects [43], [44], creating atomic hydrogen that can be released as
protons. Variation between parts on processing thermal cycles may change the
concentration of hydrogen incorporated during processing and alter the radiation
response.

In contrast, the molecular hydrogen in this study is introduced into the oxide at
higher partial pressures (1 atm) and lower temperatures (25 °C). At this partial pressure
the volume percent of hydrogen is nearly 100%, and from that the volume concentration
can be approximated as ~10'" cm™ [2], consistent with density functional theory
calculations [42] that show that hydrogen molecules have a low incorporation energy
(~0.1 eV). At room temperature, reactions with an energy barrier greater than ~1 eV are
not favorable, so the molecular hydrogen introduced into the oxide will stay in the form
of molecular hydrogen prior to irradiation, when new reaction pathways are available
with a lower barrier [42]. Hydrogen introduced by room temperature soaking facilitates
both defect formation (during irradiation) and defect passivation (during post-irradiation

annealing), as demonstrated in Figs. 10 and 11.
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Pre-irradiation Elevated Temperature Stress

Another factor that can impact the radiation response of hydrogen-sensitive
devices is PETS sensitivity. It has been seen previously that the use of PETS treatments
prior to radiation testing can improve linear bipolar transistor radiation response, in some
cases virtually eliminating ELDRS, while other PETS treatments degrade the radiation
response [23]. This is related to how temperature affects the interplay between hydrogen-
induced defect buildup and passivation. In [23], the application of PETS to LMI111
voltage comparators at relatively low temperatures caused a reduction in the degradation
observed at all dose rates, and also reduced the differences between low and high dose
rate irradiations. Room ambient was used during these PETS treatments, so there was
likely a higher concentration of hydrogen in the device than in the surrounding
atmosphere, so hydrogen diffuses from the device into the ambient. The out-diffusion of
hydrogen also explains the suppression of ELDRS since the presence of hydrogen has
been linked to ELDRS [11], [24]. However, it was also found that, if devices were
subjected to even higher temperatures (450 °C as opposed to 175 °C for the other PETS
treatments), the radiation response actually degraded with these PETS treatments [23].
Thus, the interplay between baking temperature and hydrogen in the device layers and
surrounding ambient can be complex and difficult to predict in advance of

characterization testing.

Passivation Laver Effects

Passivation layers can alter the annealing behavior and ELDRS response, most

likely due to the additional volume to contain molecular hydrogen from soaking and
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higher levels of hydrogen incorporation from processing [34]. Figs. 10 and 11 show how
the passivation layers of a transistor affect how hydrogen alters post-irradiation
annealing. Unpassivated transistors anneal more slowly after irradiation than P-glass
passivated transistors. Since it was shown that higher concentrations of hydrogen lead to
faster annealing, this phenomenon is likely caused by the additional passivation layers in
the P-glass transistors holding additional hydrogen after the soaking is performed [9].
The hydrogen escapes more easily from the unpassivated transistors. Even without excess
molecular hydrogen, the response of the P-glass passivated transistors is different from
the unpassivated transistors. The unsoaked P-glass passivated transistors anneal faster
than the unsoaked, unpassivated transistors. This indicates that the hydrogen incorporated
during processing is enough to affect annealing rates, though not as strongly as the
hydrogen soaking.

The ELDRS response varies based on passivation layers. In [9], GLPNP
transistors with P-glass passivation exhibited ELDRS, but GLPNP transistors with a
nitride layer over the P-glass passivation did not, though they did show high degradation
at both high and low dose rates. This was attributed to the fact that the nitride passivation
had higher hydrogen concentration than the P-glass and that nitride acts as a barrier to H,
transport [9], which can be seen in [45]. There is little difference when devices with
nitride passivation are irradiated at high or low dose rate or when irradiated in air or
100% H, [45]. Since this is a hydrogen-sensitive device, the high hydrogen concentration
would be expected to make the device exhibit enhanced degradation at high dose rates
(due to the increased number of holes releasing protons instead of recombining with

electrons) and with the nitride acting as a barrier for diffusion, the hydrogen cannot
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diffuse out, preventing improvement in the radiation response. This reinforces the idea
that hydrogen diffusion is a primary factor in determining radiation response since no
change could be produced when H, concentration levels under the passivation layers

were not allowed to change.

Hardness Assurance Implications

Since recent experiments have shown that hydrogen exposure can increase the
dose rate below which ELDRS appears, it has been suggested that a hydrogen screening
process involving exposing parts to a 100% hydrogen atmosphere, irradiating them, and
using this degradation as an upper bound for low dose rate degradation may be a
substitute for low dose rate testing in some cases [11], [46]. For example, IC’s dominated
by lateral PNP transistors without nitride passivation may be ideal candidates for the
proposed hydrogen exposure tests [11]. In this case, hydrogen exposure greatly degrades
the radiation response of the device at high dose rates, in a way that is similar to the
degradation at low rates.

One practical difficulty with this approach is that a device that is manufactured
and packaged in ways to exclude hydrogen to the greatest extent possible from the device
layers and surrounding environment could easily be removed from consideration unfairly
by such a test, since if the device is highly hydrogen sensitive, it could experience far
greater degradation during the test than it would see during its lifetime, since it would not
normally be exposed to hydrogen. This contrasts with screening via high-temperature
irradiation, for example, in which the motion of charge and the reactions of hydrogen that

is already within device layers are accelerated [15], [18], [21], [31], [35], [47].
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Experience has shown that it is difficult to implement a standard approach to
ELDRS testing using high temperature irradiation, owing to variations in relative device
responses to high temperature and low-dose-rate irradiations [18]-[21], [29]. These
variations in PETS responses have been attributed to a competition between defect
creation and passivation, which are similar to the differences in sensitivities to hydrogen
and aging responses that we report here and which are observed in other studies [4]-[8].
This study has shown that adding molecular hydrogen prior to irradiation can improve or
degrade the radiation response, depending on the initial defect concentration within a
device, and that a variety of factors such as processing steps and passivation layers can
affect the radiation response as well. These considerations emphasize the need to
characterize the responses of devices to hydrogen, PETS, and aging effects in advance of
defining appropriate lot acceptance test protocols for linear bipolar devices and ICs.

This study also has more general implications for organizations that purchase
large quantities of parts at a time, many of which will not be used for years. When using a
device that has been stored for a long period of time, the results of radiation testing
performed when the devices were new may not be accurate when the devices are
deployed. If the concentration of hydrogen within the device changes, whether it
decreases through out-diffusion to the surrounding ambient or increases through diffusion
from sources like packaging, the radiation response may improve or degrade. If it
degrades, there is more risk in using the part than expected. If it improves, then a usable
part may be wrongly disqualified.

While the results of these studies demonstrate that hydrogen diffusing into or out

of a device and the initial defect concentration are the two primary factors that determine
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whether depassivation or passivation reactions occur while the device ages, other factors
may also change the radiation response and reliability of bipolar and MOS devices with
time. For example, strain relaxation of Si-Si bonds near the interface [5] has been shown
to lead to significant reductions in low frequency noise with time (sensitive to near-
interfacial oxide traps). This effect was seen in devices in which moisture exposure over
time was found to cause an increase in threshold voltage associated with the time-
dependent buildup of interface traps, showing that strain relaxation can be at work even

when moisture is also affecting the radiation response [5].
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CHAPTER VI

CONCLUSIONS

Hydrogen soak experiments were performed to explore the effects of hydrogen on
the radiation response of gated lateral bipolar transistors, and aging experiments were
performed to determine the effects of ambient hydrogen and/or defect relaxation
processes over time. Transistors from the soaking experiments show an increase in the
buildup of interface traps and oxide trapped charge and a faster annealing rate for oxide
trapped charge when exposed to hydrogen. Transistors with P-glass passivation anneal
faster than unpassivated devices, likely due to larger amounts of hydrogen present in the
P-glass layers. Aging experiments showed that the radiation response of hydrogen-
sensitive transistors stored at room temperature can improve over time. These results and
previous work illustrate that the role of hydrogen in the radiation response of these
transistors depends largely on whether hydrogen is diffusing into or out of the device and
whether the initial defect concentration favors a net passivation or depassivation reaction
with molecular hydrogen. Thus, it is unlikely that hydrogen exposure can be used a priori
as an accelerated hardness assurance test. Nevertheless, if one can demonstrate through
detailed characterization that hydrogen soaking is effective in accelerating the radiation
response of a particular technology, then such a technique may be beneficial in reducing

the time and expense of screening for ELDRS in lot acceptance tests.
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