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Kurzfassung

Der Durchbruch von PN-Ubergingen stellt eine Parameter-Einschrinkung fiir
Halbleiter-Bauelemente dar und kann durch verschiedene Mechanismen auftreten.
Einer dieser Mechanismen ist das sogenannte thermische Davonlaufen (thermal run-
away). Bei ausreichend hoher Temperatur des PN-Ubergangs kann der Leckstrom
und mit ihm die elektrische Leistung exponentiell ansteigen. Dieses Phénomen ist
vor allem im Zusammenhang mit Wafer-Level Reliability ein dréingendes Problem,
da moderne Leistungsbauelemente bei immer hoheren Leistungsdichten und Tem-
peraturen eingesetzt werden.

Diese Arbeit dokumentiert den Versuch, einen High- Temperature- Reverse-Bias
(HTRB)-Test bei der Nenn-Sperrspannung eines IGBT-Leistungshalbleiters zu re-
alisieren. Zunéchst wurden das thermische Davonlaufen und der thermische Wider-
stand des experimentellen Aufbaus experimentell charakterisiert. Verschiedene An-
sitze zur Losung des Problems wurden verfolgt und sind hier festgehalten. Darunter
sind die Reduktion des thermischen Widerstandes mit verschiedenen Methoden,
sowie das Anlegen einer gepulsten Stressspannung, um die elektrische Leistung pe-
riodisch zu verringern.

Die Reduktion des thermischen Widerstands lieferte keine praktisch anwend-
bare Losung. Die Degradation der Parameter des Bauelements wurde fiir gepulste
und konstante Stressspannung mittels der Anwendung statistischer Methoden ver-
glichen. Ebenso wurde der Einfluss von HTRB auf die Schwellenspannung unter-
sucht.

Die Degradation, die der konstante HTRB verursacht, konnte mit der gepulsten
Methode nicht reproduziert werden. Dieses Resultat wurde auch im Hinblick auf
den zugrunde liegenden physikalischen Degradationsmechanismus analysiert. Hi-
erfiir wurden verschiedene physikalische Modelle in Erwigung gezogen. Eine gute
Ubereinstimmung mit einem bereits etablierten Modell basierend auf der Drift ion-
ischer Ladungen wurde gefunden.

Diese Arbeit wurde bei Infineon Technologies Austria AG in Villach mit wis-
senschaftlicher Betreuung durch Mitarbeiter der KAI (Kompetenzzentrum fiir
Automobil- und Industrieelektronik) GmbH erstellt.
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Abstract

Junction breakdown is a limiting factor in semiconductor devices and can occur
through various mechanisms. One of these mechanisms is known as thermal insta-
bility/runaway. At sufficiently high junction temperatures, the leakage current and
with it the electric power can increase exponentially. In the context of wafer-level
reliability, this is a pressing issue because current generations of power devices op-
erate at increasingly high power densities and temperatures that make them prone
to this breakdown phenomenon.

Described is an attempt to realize a wafer-level High- Temperature- Reverse-Bias
(HTRB)-test at the nominal device specifications of an IGBT power device. First,
the thermal instability and thermal resistance of the setup were experimentally char-
acterized. Several approaches to the problem were pursued and are documented.
One is the reduction of the thermal resistance of the measurement setup using
various methods. Another one is the pulsed application of stress bias in order to
provide the device with periodical phases of reduced power, allowing the junction
temperature to decrease.

The reduction of the thermal resistance did not yield a usable solution for the
problem. Thus, the focus of the work switched to pulsed HTRB. Here, especially the
resulting degradation of the device parameters caused by it as opposed to a constant
HTRB was considered. To this end, the parameter degradation was compared for
both stress methods using statistical tools. Additionally, the influence of HTRB on
the device threshold voltage was studied.

It was found that the degradation caused by the constant HTRB cannot be
reproduced using the pulsed method. This result was also analysed with respect
to the underlying physical degradation mechanism. For the parameter degradation
during HTRB, several physical models were considered. A good agreement was
found between the data and an existing model based on the drift of ionic charges.

The thesis was completed at Infineon Technologies Austria AG in Villach with
scientific supervision provided by KAI (Kompetenzzentrum fiir Automobil- und

Industrieelektronik) GmbH personnel.
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Fundamentals

1.1 Reliability in the Semiconductor Industry

Reliability is an integral aspect of the semiconductor industry. A concise definition
of the term is given in [1]: ’Reliability is the probability that a semiconductor
component will perform in accordance with expectations for a predetermined period
of time in a given environment’.

The demand for high reliability of power devices is ever increasing. This is due
to several factors, one of which is the steadily increasing power density such devices
are expected to be able to control. This results in higher current densities inside the
device, leading to higher temperatures and temperature gradients. Another factor
is the extension of the field of applications for power devices, which defines new
operating conditions. For example, automotive hybrid traction systems, where the
engine cooling system extracts the losses of power electronic components have to
cope with cooling liquid temperatures of up to 120 °C. This application has recently
caused an increase of the maximum operating temperature from 150°C to 175°C
[2].

Testing device functionality under the ambient conditions expected in the field
would take at least the expected device life time (generally > 10 a). This is why
an assortment of accelerated test procedures has been developed by manufacturers
over the last 30 years. One such test and its application to IGBT power devices is

the focus of this thesis. It will be described in more detail.

1.1.1 High Temperature Reverse Bias (HTRB)

HTRB is used to verify the long-term stability of the device leakage currents as well
as the degradation of device parameters while operating in blocking mode. A device
is stressed in forward blocking mode at (or slightly below) the blocking capability.
This happens at a temperature close to, or at the upper limit of the operational

range. In the practical application, four devices are stressed simultaneously in a
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parallel circuit.

This test does not trigger any degradation in the bulk semiconductor, but is
useful for investigating weaknesses and degradation of parameters of the field de-
pletion structures and the passivation layer at the device edge [2]. These structures
are treated in more detail in section 1.3.5. In our case, the breakdown voltage drift
as the parameter subjected to degradation is periodically read out throughout the
test after cooling the system to room temperature under stress.

The failure criteria of the test limit the increase of the leakage current as well as
the drift of the reverse breakdown voltage caused by the stress, in order to tolerate
only minimal degradation. Wafer-level HTRB, referring to the stress test when it
is performed on devices which are still part of an entire wafer, is not only used for
device qualification. It is also a useful tool to accompany product development. For
details of the experimental setup and measurements, see section 2.1.

During the development of a new IGBT technology, the demand of a 175°C
wafer-level HTRB arose. HTRB at such a temperature faces the phenomenon of
thermal runaway, where leakage currents rise exponentially due to self-heating of
the device (see section 1.3.4). This mechanism is of particular significance for wafer-
level reliability, because of the relatively high thermal resistance of the measuring
setup. On package-level, heat dissipation is realized with a heat sink and a much
better thermal connection and is thus far less of a concern. This thesis attempts
to realize 175°C wafer-level HTRB for this technology. In the following sections,

topics relevant to the understanding of the problem will be discussed.

1.2 The Insulated Gate Bipolar Transistor

In this section, the IGBT device will be discussed. First, its basic structure and va-
rieties including doping profiles will be treated, followed by the different operational
modes. To conclude, the current-voltage characteristics and equivalent circuits will
be described.

1.2.1 Structure and Basic Principle of Operation

The IGBT owes its name to its manner of function, which is based on the inter-
nal interaction of an insulated-gate field-effect transistor (IGFET) and a bipolar
transistor. The term IGFET is a more general term than MOSFET (metal-oxide-
semiconductor field-effect transistor), but is not synonymous to it. All MOSFETSs
are IGFETSs, but not vice versa [3]. The insulating component in an IGFET does
not have to be an oxide layer. Current technologies rely on silicon dioxide as the

oxide-component in their MOSFET structures. Also, for IGBTs the terms source
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Figure 1.1: A schematic view of the vertical IGBT structure. Adapted from [4].

and emitter, as well as drain and collector, respectively, are used interchangeably

in the literature, and this will be maintained in this thesis.

Fig. 1.1 shows a cross section of the basic vertical IGBT structure. The fig-
ure shows only one ’'unit cell’ of the device, with its two neighbouring unit cells
visible. The actual power device consists of an array of millions of cells arranged
in a topological layout, providing a large aspect ratio width vs. length [4]. This is
one of several possible varieties for the device, with lateral IGBTs also being com-
mon. Since this thesis will be limited to the study of vertical IGBTs, lateral device

structures are not discussed.

The IGBT structure consists of four alternating semiconductor layers (N-P-N-
P), which would constitute a thyristor structure. Thyristor operation is suppressed,
however, by including a deep P™ diffusion layer and shorting the P base to the N*
source region. With these restrictions, the structure operates as a transistor, as

described in more detail below.

The P+ layer at the bottom constitutes the drain (aka collector or hole-injecting
layer), and the N+ region at the top functions as the source (aka emitter). The
structure of a vertical IGBT closely resembles that of a conventional MOSFET,
except for the additional P+ substrate layer. Features found in both types of power

devices include a polysilicon gate structure as well as P wells with N+ source regions.
At 0 V gate bias, the IGBT is equivalent to a PNPN-Diode with its emitter

shorted. It remains off upon application of positive bias on the collector (Vog > 0V),
due to the junction between P base and N~ base being reverse biased. Similarly,
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at Vog < OV the IGBT remains in the off-state, with the reverse bias between the
epitaxial layer and the P substrate.

Thus, the collector-emitter current Icg is minimal until breakdown under both
polarities. Under reverse Vog conditions, breakdown occurs via avalanche of the
N~P7 junction, while under forward Vcg (in forward blocking mode, see section
1.2.2), avalanche happens at the N™P junction.

Under the Vog > 0 condition, a positive gate-emitter voltage (Vgg) of a certain
magnitude is required to induce an n-channel through the P-region beneath the
gate in order to connect N emitter and N~ base. The base-emitter junction of the
PNP is then forward biased and conducting.

The current flowing between the N~ epitaxial layer and the P* substrate causes
minority-carrier holes to be injected into the epitaxial layer. The subsequent con-
ductivity modulation of this layer reduces its resistance, which causes a large Icg.
Reducing the gate-emitter voltage Vg to zero removes the channel in the P-region,
thus turning off the IGBT. The different operational modes of the IGBT will be
discussed in detail in section 1.2.2.

Vertical IGBTSs are roughly classified into two categories: Punch-Through (PT)
and Non-Punch-Through (NPT) IGBTs, also known as asymmetrical and symmet-
rical IGBTSs, respectively [4]. An overview about their different structures and

properties will be given in the following subsection.

Basic IGBT Structure Types

The two varieties cover a broad spectrum of fabrication technology and parame-
ters such as carrier and doping profiles, transport mechanisms, thermal ruggedness
etc., and consequently their operational behaviour is equally diverse. There is one
fundamental structural difference.

As can be seen in Fig. 1.2, above the P* substrate, the PT-IGBT features an
N buffer layer, unlike its NPT-counterpart. This region is also referred to as the
field-stop layer, since the electric field under forward bias of the device is entirely
contained within the N~ base region [5].

The terms asymmetrical or symmetrical stem from its breakdown voltage po-
larity dependence. For the symmetrical IGBT, breakdown voltages under forward
and reverse bias are the same. For the asymmetrical IGBT, the breakdown volt-
age under reverse bias is significantly lower than under forward bias [4]. The terms
Punch-Through and Non-Punch-Through refer to the electrical field, which 'punches
through’ the entire N~ base region in the PT-IGBT, but does not extend through-
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Figure 1.2: Schematic showing the structural difference between Non-Punch-
Through or symmetrical IGBT (a) and Punch-Through or asymmetrical IGBT (b).

out the N~ base in the NPT-IGBT. See Fig. 1.3 for a depiction of the doping
gradients and electric fields of the NPT- and PT-IGBT.

The N buffer layer results in a substantially smaller doping concentration gradi-
ent over the P substrate/N~ base system, compared to the P™ substrate/N buffer
layer /N~ base system. The relatively shallow concentration gradient of the NPT-
IGBT causes the carrier lifetimes in the N~ base to be uniformly distributed. As a
result, carrier flow is governed by drift rather than diffusion. Moreover, the distri-
bution of the electric field across the N~ base makes the device more robust. On the
other hand, due to the steep concentration gradient of the PT-IGBT, diffusion is
the more prominent mode of carrier flow [4]. The reduced thickness of the N~ base
that is provided for the electric field to spread over also makes for a more fragile

device.

Two major advantages make the N buffer layer useful: Firstly, the N~ base
doesn’t need to be as thick in order to support a given breakdown voltage, because
the expansion of the depletion region is contained within a shorter space. Secondly,
partial recombination of the holes injected by the PT layer means a lower injection

efficiency of the collector, thus providing a faster turn-off behaviour of the device.

The IGBTs investigated in this thesis are of the Punch-Through variety. Since
the effects of the N buffer layer primarily affect the on-state behaviour of the device
(see Fig. 1.7), the distinction between NPT- and PT-IGBT is not of immediate
concern for our purpose, but is beneficial for studying the doping profiles and the

spreading of the depletion regions in the different operational modes.



Bujoo|g asionay

Fundamentals

Buoo|g piemio

Bujoo|g asianay

Buyoo|g pJemio

o (¢-wo) (uonenusouo) Buidoq) Boj (,-wop) prei4 ouyo8|g

Distance

Distance

(b)

(a)
Figure 1.3: The doping profiles and corresponding electric fields of PT- (a)

NPT-IGBT (b). Note the logarithmic scale of the doping concentrations.

and



P* substrate

Figure 1.4: Schematic view of the three major junctions in the IGBT.

1.2.2 Operational Modes

An IGBT can operate in three distinct operational modes. They are characterized
by the respective bias (forward or reverse) of the three major P-N junctions of the
device. Fig. 1.4 gives an overview over the locations of these junctions. The jagged
lines on either side of the central unit cell symbolise comparatively great horizontal
distance, with the two blocks on either side representing the peripheral regions of
the device. The P regions in these peripheral regions are the floating field rings,

which will be discussed in section 1.3.5.

Reverse Blocking Mode

If gate and source are shorted and a positive bias is applied to the N* source, while a
negative bias is applied to the P™ drain, the IGBT is operating in Reverse Blocking
Mode. Here, the Junction J1 is reverse-biased and inhibits the current flow through
the device [6]. The voltage is primarily supported across the junction J1, with the
depletion region extending far into the lightly doped N~ base, but only slightly into
the P substrate due to its heavy doping [4] (see Fig. 1.5 (a)).

Thus, the reverse-blocking voltage capability is determined by the PNP-transistor
consisting of the P™ substrate, the N~ base and the P base regions. Breakdown
can occur via reach-through of the depletion region in the N~ layer due to it being
either too thin or too lightly doped. Therefore, the two are optimized for the de-
sired reverse breakdown voltage. For high blocking voltages, the relation between
the required thickness of the drift region and Vgp is d oc /Vp [4].

In the case of a PT-IGBT, J1 cannot support high reverse blocking voltages due

to the comparatively high doping concentrations of the N buffer and P™ drain re-
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P* substrate

(b)

Figure 1.5: Schematic view of the space charge regions (yellow) of the reverse-biased
junctions in Reverse Blocking Mode (a) and Forward Blocking Mode (b).



gions, bringing about the asymmetric breakdown voltages for reverse- and forward-

blocking mode.

Forward Blocking Mode

Applying a positive bias to the drain and a negative bias to the source, with the gate
shorted to the source creates a forward bias of J1 and J3, with J2 reverse-biased and
withstanding the voltage across itself. As is shown in Fig. 1.5 (b), the space charge
region spreads into the P base and, to a larger extent, the N~ base, due to the
differences in doping concentration. With increasing applied voltage, the depletion
region merges with that of its neighbouring cells (not pictured in the figure), and
is smoothed out at the edge termination of the device by a series of field rings (P
regions in the peripheral blocks in Fig. 1.5).

The maximal forward-blocking voltage capability is, as for reverse-blocking, de-
termined by the PNP-transistor. The breakdown voltage is determined by the
thickness of the N~ base and the minority carrier lifetimes in it. For a PT-IGBT,
already at voltages far below the maximum operating voltage, the N~ base gets
completely depleted. Here, the electric field is being stopped by the N buffer layer.
Thickness and doping concentration of the buffer must be sufficient to prevent reach-
through. The breakdown voltage in the PT-IGBT is determined by the thickness
of the lightly doped portion of the N~ base.

Conduction Mode (On-state)

Removing the source-gate short and applying to the gate a positive bias of sufficient
magnitude to invert the Si below it in the P base puts the IGBT into the on-state
or conduction mode (see Fig. 1.1 for the position of the gate and the P base below
it). The three terminals are then biased as follows: source-negative, gate-positive,
drain-positive.

The forming N-type conducting channel connects the N source and the N~
base, bridging the P base. This electron flow lowers the potential of the N~ base,
causing a forward bias of J1. This, in turn, causes a large density of minority
carriers, or holes, to be injected into the N~ base from the P* substrate. Depending
on its point of injection into the N~ base, a hole travels either directly through the
P* region towards the NT emitter, or, if it is injected directly below the gate, is
repelled by the positively charged accumulation layer below the gate and diverted
towards the space-charge region of J2. Travelling through the P™ region, it reaches
the Nt source and is captured by the source contact. For an illustration of these
carrier paths, see Fig. 1.1. This repelling mechanism causes a hole plasma to form

in the N~ base, which attracts electrons from the source contact to maintain charge
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neutrality. These excess electron and hole concentrations approximately balance
each other out, and drastically increase the conductivity of the N~ base. This

increase is known as conductivity modulation.

1.2.3 Equivalent Circuit and Current-Voltage Characteristics

An equivalent circuit of the IGBT structure is provided in Fig. 1.6. The thyristor
structure is represented by the connected PNP- and NPN transistors. The MOS-
FET, which delivers the base drive current for the PNP transistor is also shown in
the circuit diagram. Nt source and P base are shorted by the emitter electrode, yet
there is a non-zero resistance for a bipolar current flowing to the emitter electrode
[5], which is signified by Rsg.

The contribution of the NPN transistor is undesirable for proper IGBT function
and is thus being kept minimal. Additionally, the NPN transistor is shunted by
a MOSFET, which represents the development of the MOSFET channel in the P

base below the gate, connecting N™ source and N~ collector of the NPN transistor.

These factors (Parasitic components in Fig. 1.6) can all be neglected for an
ideally functioning IGBT, which reduces the circuit to a MOSFET driving a PNP

bipolar transistor in a so-called pseudo-Darlington configuration.

The voltage drop across the IGBT is therefore given by a diode drop across the
PN-junction of the PNP transistor as well as a voltage drop across the MOSFET
component. For this reason, the voltage drop in the on-state never goes below a
certain diode threshold, unlike in a pure MOSFET. Additionally, the majority of
the output current is supported by the PNP component, not the MOSFET. These
factors combined mean that the output voltage drop is given, in a simplistic picture
for high currents, by the voltage drop across the MOSFET at full current, divided
by the gain of the PNP (disregarding the parasitic circuit components) [8]. This

reflects the conductivity modulation described in section 1.2.2.

Schematic output characteristics of an IGBT are plotted in Fig. 1.7, with for-
ward characteristics in the first quadrant and reverse characteristics in the third
quadrant, respectively.

The forward conducting mode (or on-state in Fig. 1.7) is represented by a family
of curves, each corresponding to a specific gate voltage. These curves are very
similar to the MOSFET conduction curves, the difference being that the conduction
currents in the IGBT are generally an order of magnitude higher than in a MOSFET
with similar current-voltage ratings. The offset of this family of curves from the

origin corresponds to the diode threshold mentioned previously.

The collector-emitter current Icg rises sharply with Vog at first and, as soon as
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channel pinch-off! occurs, shows saturation behaviour. Here, a difference between
PT- and NPT-IGBT can be observed, with the PT curves showing a comparatively
smaller slope than the NPT curves in the saturation regime. The forward-blocking
and reverse-blocking characteristics exhibit minimal leakage current until junction
breakdown occurs. The physical mechanisms of this breakdown will be discussed in

section 1.3.3.

1.3 PN Junctions

This thesis is concerned with HTRB, where the IGBT is operating in forward block-
ing mode, with junction J2 (cf. Fig. 1.4) under reverse bias and withstanding the
applied voltage. Thus, it essentially behaves as a diode under reverse bias, and a
discussion of the behaviour of the PN junction is of great benefit. The ideal char-
acteristics with some non-ideal effects, as well as breakdown mechanisms (including
thermal runaway) will be discussed in this section, with a focus on the influence of
temperature on these properties. Furthermore, the edge termination of the junction
and related effects will be treated.

For the derivation of the ideal dependencies, an abrupt junction will be assumed
(see Fig. 1.8(a)). This simplification is chosen due to the fact that the doping
profiles in the device cover many orders of magnitude at the PN junction (see the
logarithmic ordinate of the doping profiles in Fig. 1.3). Additionally, the depleted
charges are assumed to follow a box profile. Details to the following derivations will

be referenced, but not reprinted.

1.3.1 Depletion Region

An abrupt change of impurity concentrations from acceptor (N4) to donor impuri-
ties (Np) in a semiconductor material is known as an abrupt junction. Furthermore,
if Ny > Np or Ny < Np , it is a one-sided abrupt junction (written as P™N or
NTP). Even without an applied voltage, a potential difference will establish itself
across the junction. This difference is known as the built-in potential (Uy;).

For the derivation of the properties of the depletion region, two basic equations

will be used. The first is one of the Maxwell equations, also known as Gauss’ law,
V. -D=p(z,y,2), (1.1)

with D = ,&€ the electric displacement field, € the electric field, e the permittivity

of the semiconductor and p the spatial charge density. Reduced to one dimension,

!The pinch-off phenomenon will not be discussed in detail in this thesis. See [4] for a description
of the pinch-off behaviour of the MOSFET-component of the IGBT.
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is the built-in potential. (d) Energy-band diagram. Ey, Ep, E;, Ec refer to
the valence band, Fermi level, the intrinsic Fermi level and the conduction band,
respectively. ®, and ®,, are the potential barriers for holes and electrons. Copyright
2006 Wiley. Used with permission from [3].
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it becomes
t _% _ _p(x) _ q(n(a}) —p(a:)—i—NA(x)—ND(a:)) (1 2)
dx s €s ' ’

The last term in eq. (1.2) describes the charge density along an interface, with
n and p the distribution of electrons and holes, respectively, and N4 and Np the
numbers of acceptors and donors, respectively.

The conduction mechanism in the ideal model is a combination of drift caused
by the electric field and diffusion caused by the carrier-concentration gradient. The

current densities are given by

Jn = qupn€ + qD,Vn, (1.3a)
Jp = qupp€ — qDpVp, (1.3b)
Jiot = Jn + J,. (1.4)

J, and J, refer to the electron and hole current, respectively. p, and p, are
the mobilities of electrons and holes. They are defined with a positive sign.

These mobilities are influenced by two major factors: acoustic phonons and
ionized impurities. The influence of acoustic lattice phonons on the mobility in

nonpolar semiconductors (such as Si) is given by [9]

1

m’ (1.5)

My X
where m is the conductivity effective mass ? and T the temperature of the material.

The mobility in eq. (1.5) decreases with mass and temperature.
The influence of ionized impurities can be described by [11]

T3/2
i X — 1 (1.6)

me N[
with Ny the density of ionized impurities. In eq. (1.6), the mobility decreases with
effective mass, but increases with the temperature, since the higher thermal velocity

of the carriers causes less Coulomb scattering.

These two mechanisms combine to the overall mobility via the Matthiessen rule:

(5o 2)"

2This is an effective mass used for conductivity calculations in semiconductors. It accounts for
the detailed structure of the semiconductor device, especially for the fact that the effective mass
depends on the direction of the wave vector k in the lattice. For a detailed treatment, see, i.e.,
[10].
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For silicon, this conductivity mobility varies as 7242 for N-type and 722 for
P-type near room temperature [3].

D,, and D,, in egs.(1.3) are the carrier diffusion constants. They are connected
to the mobilities via the Einstein relation [3]; Dy, = (kT'/q)pn and Dy = (ET'/q) .

Thus, for a one-dimensional case, egs. (1.3) can be written as (z-dependencies
omitted)

dn kT dn dEpy
Jn = qunan€ + qDp— = qun ( € + —— ) = jin , 1.8
qunn€ +qDn— = an (n + qd:E) P (1.8a)
_ dp KT dp\ dEp,
Jp = appné — aDp— - = app <p<€’ . dx) = Upp— (1.8b)

Here, Ef,, and Ep, are the quasi-Fermi levels of electrons and holes. When con-
sidering the structure in thermal equilibrium, no voltage is applied and no current
flows. Thus,

kT d FE
n) = 0= pn®E (1.9)

In = qpin <n€—f—qu dr

The zero-current condition thus mandates that the Fermi level is constant through-
out the structure. An equivalent derivation yields the same result for the hole
current. The built-in potential ¥y, is given by (symbols used are found in Fig. 1.8
(d)):

qVpi = By — (q®n + q®p) = q¥Bn + q¥p)p (1.10)

For a one-sided abrupt junction, the majority of the depletion region and potential
variation will be restricted to the lightly doped side. From eq. (1.2), an expression

for the width of the depletion region can be derived [3]:

2¢e5 2kT
= Wy — — 1.11
W \/qN( w20, (111)

with N = Np or N4, depending on which one is the lightly doped side. The term

%TT in eq. (1.11) stems from the inclusion of the majority-carrier contribution to the

charge density p, leading to p ~ —q(N4 —p(z)) on the P side and p ~ q(Np —n(x))
on the N side.

When taking into account an applied voltage, the Wy; in eq. (1.11) has to be
substituted by (¥p; — V), with a positive or negative V in case of forward- or

reverse-bias, respectively.

1.3.2 Current-Voltage Characteristics

The current-voltage characteristics of an ideal PN junction are described by the

Shockley equation. The ideality is defined by several assumptions:
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e The abrupt depletion layer approximation, with carrier distributions as seen
in Fig. 1.8(a).

e The low injection assumption, where the majority carrier densities are much

larger than the minority carrier densities.

e Disregarding generation-recombination currents inside the depletion region, as
well as assuming constant electron and hole currents in the depletion region.

Generation-recombination currents will be considered later in this section.

e The Boltzmann approximation, where the Fermi integral that arises in the
carrier distributions is approximated by an exponential function (see eq. (1.15)

and corresponding explanations).
e The absence of tunnelling and avalanche effects.

For the carrier distributions at thermal equilibrium, the number of occupied electron
states in the conduction band is considered first. It is given by the number of states

N (FE) multiplied with the occupancy F(FE), integrated over the conduction band:

[e.e]
n= N(E)F(E)dE. (1.12)

Ec
By approximating the density of states N(E) by the density near the bottom of the
conduction band and using Fermi-Dirac statistics to express F(E), eq. (1.12) can

be evaluated to

a2 [ BE - B
n=No—= E05<1+exp[6(E_EF)] dE, (1.13)
where 3/2
Ne =2 (W) M (1.14)

and = 1/kT. Here, M¢ is the number of equivalent minima in the conduction

band and the density-of-state effective mass mg. = (mfm%mg)l/ 3

, where the m;
are the effective masses along the major axes of the energy surface [12]. For doping
concentrations smaller than N¢, Fermi levels are more than several kT below E¢

and the integral in eq. (1.13) can be approximated as follows:

o0 B 1/2 -
/ 3 ( [B(E - Ec)] ) dFE =~ \gexp [—B(Ec — Er)]. (1.15)

Ee  \l+exp[6(E - Er)]

Thus we arrive at Boltzmann statistics, with an equivalent derivation yielding the
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hole distribution:

Ec—F Er—F
n = Ngexp <_C,I€TF> , p= Nyexp <_Fk:TV> . (1.16)

Here, Ny is the effective density of states in the valence band.

In the following, the intrinsic carrier density n; will be brought into the dis-
cussion. As the term suggests, this is done under the assumption of an intrinsic
semiconductor.

Ec — E; b, - E

This parameter is a carrier density caused by thermal excitation of electrons from
the valence to the conduction band and the counteracting recombination of electrons
in the conduction band with holes in the valence band. At thermal equilibrium,
n = p = n; applies (again, for the intrinsic semiconductor).

The intrinsic carrier density n; is generally much smaller than the carrier den-
sities generated by dopants, but exhibits a strong temperature dependence n; o
T3/%exp(E,/2kT) [3]. This makes it a contributing factor for temperature-dependent
phenomena, since, depending on the dopant concentration, the number of thermally
generated carriers can exceed the number of carriers stemming from dopants at high
temperatures. Moreover, due to the relation n = p = n; the minority carrier density

is dependent on n; as well.

Thus, the relations in eq. (1.16) can be combined with eq. (1.17), yielding

Er—FE; E,—F
n = n;exp (Fk:Tl) , P =mn;exp <ZI<:TF> ) (1.18)

with n; the intrinsic carrier density. From eq. (1.18), pn = n? can be derived. Once
voltage is applied, however, minority-carrier densities on both sides of the junction
change, and pn # n? applies.

Now, the quasi-Fermi levels will be defined as follows:

FEr, — E; E;,— F
n = n;exp <Fnsz> , P = n;exp (szFp> , (1.19)

where Ep, and Ep, are the quasi-Fermi levels of electrons and holes. Eq. (1.19)

leads to
n
Ep, = FE; +kTIln <> , (1.20a)
n;
Ep, = E; — kThn | £
p = E; — n ] (1.20b)
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Figure 1.9: Schematic view of the energy band diagram, with quasi-Fermi levels for
electrons and holes, and carrier distributions over the PN structure, after [3] and
[13]. Forward bias on the left, reverse bias on the right.

This results in the changed pn-product

(1.21)

EFn - EFp
kT '

pn = n?exp (

When the junction is forward-biased, the numerator of the exponent in eq. (1.21)
is positive, E'r, — Ep, > 0, resulting in pn > nf For reverse-bias, Ep, — Erp <0
and pn < n? apply (see Fig. 1.9).

As is shown in egs. (1.8),

Jn = pnnVEp,, (1.22a)
Jp = ppVER. (1.22b)

Egs. (1.22) are equivalent to egs. (1.8), except for the multidimensional formula-
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tion. They entail that the current densities are proportional to the gradient of their
respective quasi-Fermi level. This is also reflected in Fig. 1.9. Er,, and Ef), remain
constant inside the depletion region if one assumes negligibly small recombination-

and generation-effects. Therefore, inside the depletion region
qV = Epn — EFp (123)

applies. Considering eqgs. (1.21) and (1.23), the electron- and hole-densities at the

boundary of the depletion region can be expressed as

n? qV qV
np(=Wpp) = Eexp (k:T) R NpoeXP (k:T) , (1.24a)
qV
n(Wbn) = Pno — . 1.24b
Pn(Wbn) peXp<kT> ( )

Here, the electron density on the P side n, and the hole density on the N side p,
were approximated by their respective equilibrium densities 7,0, ppo, in accordance

with the low-injection assumption.

These equations form the boundary conditions for the derivation of the ideal

current-voltage equation, also known as the Shockley equation. This derivation

J=Jo [exp <Z‘;> - 1} : (1.25)

where Jj is the so-called saturation current. Following this relation, a forward bias

yields

causes an exponential current increase above a threshold of V' > 3kT/q. With

reverse bias, the current saturates at —Jj.

A qualitative consideration of the temperature dependence of Jy yields the re-
lation [3]
Ey

Jo ox TG exp <—M> , (1.26)

where 7 is a constant and Ej; is the semiconductor band gap. Since the first term
in eq. 1.26 is much weaker than the exponential term, the current for reverse bias,

where |Jr| &~ Jy, can be expected to rise as

E
J _ 79 1.27
R OC €Xp ( kT> , (1.27)
while for forward bias, the current will increase approximately as
(Ey—qV)
e e 1.2
Jp o< exp < T (1.28)

Fig. 1.10 illustrates the qualitative temperature dependence of the reverse leak-
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Figure 1.10: Logarithmic reverse leakage current Jy =~ |Jg| versus temperature 7,
with a logarithmic fit of eq. (1.26), Adj. R? = 0.97776.

age current of an IGBT typical for this thesis at 1200 V bias. The leakage current
values were measured 8 ms after the beginning of data acquisition, which is the
earliest point at which the full voltage was being applied to the device. This delay
is likely caused by the capacitance of the measurement setup being charged up with
a limited current (8 mA in this case).

These simple relations can only give qualitative agreement for real Si-PN junc-
tions. Several effects influence the current-voltage behaviour of the junction beyond
this ideal model, including, but not limited to, generation and recombination of car-
riers in the depletion region and high injection.

High injection refers to a condition under forward bias, where the number of
injected minority carriers is comparable to the number of majority carriers. Since
this is limited to forward-bias, it will not be discussed further, and the following

section will be concerned with generation and recombination.

Generation-Recombination effects

Generation and recombination refer to the 'gain’ (and ’loss’) of carriers when elec-
trons transition from the valence- to the conduction-band or vice-versa. These pro-
cesses are caused by interactions with other electrons/holes, photons or phonons.
The rates of these two processes cancel each other out in equilibrium (pn = nf),

but if the equilibrium condition no longer applies, the rate of one of the two pro-
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cesses increases to counteract it. For pn > n%, the generation rate increases, and

for pn < n?, the recombination rate increases.

For indirect-bandgap semiconductors such as Si, the primary transitions are
indirect generation and recombination via so called deep-level bulk traps that are
present at an energy level E; inside the band gap, between F¢c and FEy, with a
density N;. These are undesired dopants, with Fe, Ni, Cu, Ag and Au being the
most common elements to produce deep-level traps in Si.

The generation and recombination rates caused by this process are described by
Shockley-Read-Hall statistics [14], [15], [16]. Without discussing these statistics in
detail, they can be used to derive an expression for the reverse current Jr. Under
reverse bias, the carrier concentration decreases (pn < nf), which is compensated
for by an increase of the rate of carrier generation.

This generation current Jg. is proportional to the depletion region width at a
given temperature, which is in turn dependent on the reverse bias (cf. eq. (1.11)).

Thus, it exhibits a proportionality

Jge < \/(Wy £+ V). (1.29)

The total reverse current (with pp, > ny, and V| > 3kT'/q) is then approximately
given by the sum of the diffusion current in the neutral region (x > Wp,,) and the

generation current inside the depletion region as [3]

D, n? qn;Wp
Jr=q| =L~ + , 1.30
R 7, Np Tq ( )

where D), is the hole diffusion constant (see eq. (1.3b)) and 7, is the hole carrier

lifetime. In the second term, 7, refers to the generation carrier lifetime derived from

Shockley-Read-Hall statistics, which is given as

Tnexp (Etk}Ei> + opexp (Eik}Et>

UpanvthNt

Ty = , (1.31)
with vy, the thermal velocity of the carriers, given as vy, = /3kT/m} and oy, o)
the capture cross sections for electrons and holes. Jg, as it is given in eq. (1.30), is
illustrated in Fig. 1.11.

For forward bias, the dominant mechanism is carrier recombination. Thus, the
forward current can be described by a diffusion term and a recombination term,
as opposed to a generation term for reverse bias. As the forward bias is increased,
the current passes through several domains in which different effects dominate, as
is depicted in Fig. 1.11.
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Figure 1.11: Current-voltage characteristics of an ideal PN junction (dashed
graphs), compared to the practical characteristics (solid graphs). (a) Generation-
Recombination domain (b) Diffusion domain (c) High-injection domain (d) Series-
resistance effect (e) Reverse current with generation-recombination effects consid-
ered. Copyright 2006 Wiley. Used with permission from [3].
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Figure 1.12: Avalanche Multiplication.

1.3.3 Junction Breakdown

The application of a sufficiently high field to a PN junction results in junction
breakdown, where the junction conducts a large current. This phenomenon only
occurs under reverse bias, because only then sufficiently high voltage can be applied.

Three major breakdown mechanisms exist: Thermal instability /runaway, tun-
nelling and avalanche multiplication. Of these, tunnelling is not of immediate con-
cern for this thesis and will thus not be discussed. Significant tunnelling current
begins to flow for field strengths approaching 10¢ Vem™! [3], which is far more than
the ~ 3 -10* Vem™! encountered in this thesis. Of the remaining two, thermal
runaway is the limiting factor in >170°C HTRB, while avalanche multiplication is
the breakdown mechanism that determines the IGBT’s reverse breakdown voltage,
which is the parameter that exhibits drift behaviour during HTRB.

Avalanche Multiplication

Also known as impact ionization, this is the most important breakdown mechanism,
as it is responsible for the upper bias limits of most semiconductor devices.

This process occurs when the applied electric field imparts sufficient energy to
carriers so they can excite a bound electron in the valence band upon impact and
promote it to a state in the conduction band, thus creating a new electron-hole pair.
This leads to an ever increasing number of new electrons and holes, resulting in a
large current. Fig. 1.12 shows the multiplication process schematically.

An incident carrier on the left border of the depletion region (x = 0) creates the
first electron-hole pair. Along the depletion region, towards © = Wp,,, the number

of new electrons and holes increases exponentially. The holes cause a current in the
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opposite direction, with the total current constant at I = I, + I,, for a steady state.

A characterization of this process is possible via an ionization rate «, which is

defined as the number of pairs generated by a carrier per unit distance travelled:

i 1
Cnd(tv,)  no, dt’

(1.32)

Qn

for the case of an electron as the incident carrier with velocity vy,.

The ionization rate is strongly dependent on the electric field influencing the

carriers. A relation is given by [17]

all) = gexp - 1

Er EN+ (/&) +ér] (1.33)

with E7 the high-field effective ionization threshold energy. The indexed &£ are
threshold electric fields necessary for carriers to overcome various scattering mech-
anisms, indicated by their indices: I Ionization scattering, p Optical-phonon scat-

tering and 7" Thermal scattering.

The breakdown condition is determined by the ionization integral, via the rela-

tion [3, 4] .
Dm x
/ Qpexp {—/ (ap — an)daﬁ’] de =1, (1.34)
0 0

for a hole as the incident carrier. For electrons,

WDm WDm
/ QU eXp [/ (on — ap)d:v'} de =1 (1.35)
0 T

applies. These relationships are obtained by solving differential equations for electron-
and hole currents over distance in the depletion region I,(x), In(x). If eq. (1.34) =
eq. (1.35), the multiplication factor M,, = %(OD)’”) of electrons (or holes) diverges
and avalanche breakdown occurs. The breakdown conditions eq. (1.34), eq. (1.35)
and the field dependence eq. (1.33) make it possible to numerically calculate the
breakdown voltage Vpp, the maximum electric field &,,, and the maximum deple-
tion layer width Wp,,. Only the expression for the breakdown voltage of a one-sided

abrupt junction will be shown [3]:

~ EaWpm €E2

- _ 1.
5 2N (1.36)

Vep

where N is the ionized background impurity concentration of the lightly doped side.
The above results describe avalanche breakdown at room temperature. With
rising temperature, the breakdown voltage increases. Qualitatively, this can be

understood as hot carriers losing more energy to phonon scattering over a given
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Figure 1.13: Vpp(T)/Vep(Tr) versus temperature 7', with IGBT measurements in
the relevant temperature range superimposed in red. Reprinted with permission
from [18]. Copyright 1966, American Institute of Physics.

distance travelled in the lattice, which reduces ionization rates. To account for this,

the potential difference must be higher so that carriers can gain sufficient energy

for electron-hole-pair generation.

The dependency of the breakdown voltage Vpp on the junction temperature

for various semiconductor materials and doping concentrations is shown in Fig.

1.13, with measurements on IGBTs superimposed. Within the observed tempera-

ture range, the experimental data exhibits a qualitatively similar behaviour to the

theoretical curves.
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1.3.4 Thermal Instability/Thermal Runaway

This phenomenon is, in the context of this thesis, a direct result of the Joule heating
caused by the reverse leakage current. The measurement setup for standard HTRB
testing incorporates a certain thermal resistance Ry, between wafer and chuck. This
is the crucial factor in determining how much generated heat can be dissipated from
the device under test (hereinafter referred to as DUT).

A condition for the thermal stability of the system can be given (after [19]) as

Rip - VR - 681; <1 (1.37)
with Ry, in K/W, Vi the reverse bias in V and 0Ir/0T the partial derivative of
the reverse leakage current after the temperature in A/K. The term Vg - (01r/0T)
describes the variation of the electric power, and with it, the thermal power with
temperature at a certain voltage.

Multiplied with Ry, this is effectively the ’cooling response’ of the setup, so if
the condition in eq. (1.37) is not fulfilled, the temperature diverges. The physical
process is a positive feedback loop. An increase in junction temperature through
Joule heating causes an increase in leakage current, which in turn increases the
temperature, and so forth.

At the desired temperature of 175°C, the IGBT devices investigated in this
thesis experience thermal runaway, making a stable HTRB impossible. Fig. 1.14
shows I(t) curves for different chuck temperatures. It can be seen how thermal
runaway occurs with decreasing time constants for increasing chuck temperature.

In chapter 2, several approaches to solve this problem will be pursued.

1.3.5 Edge Effects and Terminations

The production of semiconductor devices involves sawing the wafer into its indi-
vidual pieces for further processing. This structuring inadvertently causes severe
crystal damage. If performed through a junction, the crystal damage creates a high
leakage current, strongly decreasing the breakdown voltage of the junction over
time. To circumvent this, junctions in devices are usually terminated in a specific
way around the edges of a single device, so that the saw paths do not intersect with
any depletion regions.

Before discussing these terminations, we will focus on edge effects that arise
during the manufacturing of junctions. The most prevalent way to form a planar
junction is the diffusion of dopant impurities through a window in a silicon dioxide
masking layer. This process is performed at elevated temperatures, so that the

dopants can migrate vertically downward into the semiconductor to the desired
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Figure 1.14: A selection of I(t) plots for various chuck temperatures, illustrating
the phenomenon of thermal runaway. At 8 mA, an automatic voltage reduction of
the source measurement unit (SMU) occurred to prevent device destruction. For a
detailed description of the SMUs used, see section 2.1

depth.

At the edges of the window however, the diffused impurities also migrate later-
ally under the SiOs. Assuming a lateral migration equal to the junction depth, a

cylindrical interface is formed in these regions. This is shown in Fig. 1.15.

Further assuming the diffusion window to be rectangular, it can be understood
that at the corners, the resulting diffusion volume takes the form of an octant of a

sphere.

For these interfaces, the Poisson equation takes the form [20]

Impurity
Implantation

Lo

Si

Figure 1.15: Schematic depiction of the production of a cylindrical junction during
diffusion of a planar junction. Lateral migration is indicated by the groups of small
arrows under the edges of the SiO2 window.
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Figure 1.16: A schematic view of an abrupt cylindrical PTN™ junction. r; and rp
are the radius of the junction and the depletion layer, respectively. r and dr are
the radius vector and the infintesimal radius increment.

Ld ngy) =20, (1.38)

o :,

where n is 1 for the cylindrical junction and 2 for the spherical junction. For
subsequent calculations, it will be assumed that the doping concentration in the
P region is much higher than in the N~ region. This is justified as the difference
between the doping concentrations in the IGBTSs used for this thesis is at least three
orders of magnitude. Under these conditions, it can be assumed that the depletion
layer only extends into the N~ region, as far as rp. The geometry of this problem
is shown in Fig. 1.16. Upon integration of eq. (1.38) with the boundary condition
E(rp) = 0, while assuming the charge density to be p(r) = ¢Np, the distribution
of the electric field results,

£(r) = 4D (M) . (1.39)

2€, T

Here, the maximal electric field is found at the junction (r = r;) [5],

r? —r?
Emaey(r) = L2 ( j D) . (1.40)

265 T

For a cylindrically curved junction, the maximum electric field is much higher
than for the planar case. This can be understood by comparing eq. (1.40) with the
result for a planar junction. For this comparison, the assumption is made that the
depletion width is much bigger than the curvature radius in the cylindrical junction
(rp >> ;). This yields

Np [ r?
gmax,cyl(rj) = D (—D> , (1.41)

265 Ty
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compared to the parallel case, which is given by [5]

gmax,plan -

_gNpWp

€s

(1.42)

For an equal depletion width at a given reverse bias in both cases, the relation
between the maximal fields can be expressed as
5max,cyl _ 7”7D (143)
gmax,plan er
It is clear that the maximal fields are significantly larger for cylindrical junctions
than for the planar case. With a similar argumentation, the field relation between
spherical and cylindrical junctions, under the assumption of approximately equal
depletion widths for both cases, can be derived to be
gmax,sph 2rp

_ o 1.44
gmax,cyl 3rj ( )

which is again a significant enhancement. Due to the strong £-dependence of the
ionization rate (eq. (1.33)), avalanche breakdown occurs at a much lower voltage
for a cylindrical junction, and at an even lower voltage for a spherical junction.
This makes the edge regions the weak points of semiconductor devices in regards
to breakdown voltage.

Several approaches to counter this weakness exist. One of them, the floating
field rings, will be discussed in the following. They are used in the IGBTs examined

in this thesis.

Floating Field Rings

This is a convenient method to improve the breakdown voltage of a junction, since
it can be completed in the same process step as the dopant diffusion, by adding
concentric rings around the window in the SiO9 mask. Thus, additional P regions,
or rings, are created around the main junction. This structure was first proposed in
[21], where it is described as acting like a voltage divider between the main junction
and the first and successive field rings.

By optimally spacing the field rings around the main junction, the depletion
region can punch through to the first field ring at a sub-breakdown voltage. Further
voltage increases after punch-through will then deplete carriers on the outside of
the ring junction. Modern devices utilize numerous such rings around the device
edges. The basic principle is schematically illustrated in Fig. 1.17.

It can also be understood why the concept is called floating field rings — since

there is no contact between the ring and the source, it can assume a potential
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Figure 1.17: Schematics of the edge termination with field rings. The arrows mark
the approximate position of the maximal electric fields, according to [2]

intermediate to the voltage applied to the drain. Even with these measures in place,
electric field maxima at the edge terminations cannot be avoided and avalanche
breakdown will always occur here. With field rings, it is possible to achieve 85-95
% of the bulk breakdown voltage [2].

Passivation

The passivation layer in Fig. 1.17 is an insulator or a material with high resistivity
that is deposited on the surface of the semiconductor device. It serves to protect
the device against high electric fields, and to terminate the dangling bonds of the
Si atoms at the surface.

The IGBTs examined for this thesis are equipped with an organic polyimide
passivation layer, but other materials are used, depending on the junction geometry
and device parameters. Due to the fact that the field maxima occur at the edge
termination, close to the surface of the device, the passivation layer is exposed to
high electric field strengths. The charging state of the layer then becomes very
important for the blocking capability of the device.

Through contamination during the manufacturing process or residue of process
agents, mobile ionic charges are present in the passivation layer material. These
ions can accumulate in the high-field regions at the edge termination and generate
a surface charge. This charge can in turn increase the electric field at the PN
junctions between field rings and N region and produce additional leakage currents,
thus reducing the breakdown voltage. If the doping concentration is low enough,
it can even cause inversion channels in the silicon, producing short-circuit paths

across the PN junction [2].
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This phenomenon is hypothesized to be the cause of the breakdown voltage drift
during HTRB observed in the examined IGBTs. The following section is concerned

with a detailed discussion.

1.4 Models for Vgp-Drift during HTRB

Unlike for example BTI (Bias Temperature Instability, see e.g. [22, 23]), breakdown
voltage drift during HTRB is not a well understood nor studied phenomenon in
power devices. For this thesis, two approaches for the modelling of the drift mech-
anism were considered. The first was originally developed for understanding AC
BTI. A detailed description can be found in [24], the present description will only

outline the basics.

1.4.1 Model for the Description of AC BTI

The model, henceforth referred to as the Reisinger model, attempts to describe
how BTI occurs under AC stress conditions, conditions that are conceptually very
similar to the pulsed HTRB pursued in this thesis. BTI threshold shift can be
described via the charging and de-charging of defects that are present in the oxide,
which exhibit (field- and temperature-dependent) time constants for capture and
emission of charges: 7, Te.

While the nature of these defects is not thoroughly understood, the Reisinger
model describes them simply as asymmetric RC-elements. A macroscopic power
device, containing thousands of such defects, would then be described by a 2D
spectral density map if plotted with 7. and 7. as the axes. The mean occupancy P

of these defects after stress time tg or recovery time ¢, is then given by

3
I
g

(ts = 0) ’ [1 - exp(_ts/Tc)] (1.45&)
P(t,) = P(t, = 0) - exp(—t,/7e). (1.45b)

As is also emphasized by the authors of [24], this model is mathematical and
not coupled to the physics behind it. This is also the reason why it was attempted
to apply it to the problem at hand, although the degradation mechanisms are fun-
damentally different: Charging of defects in the oxide for BTI vs. drifting ions in
the passivation of the device edges for HTRB.

Without going into detail, the key result of the Reisinger model is that AC BTT
charges up a smaller area of the defect density map than DC BTI. We face a similar
problem of trying to approach a constant HTRB stress with a pulsed one. It was
thus hypothesized that by pulsed stressing for a longer time, defects that are not

'reached’ by the shorter DC BTI can be activated and compensate for the otherwise
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lesser defect activation, i.e. breakdown voltage drift. It was thus initially attempted

to apply the Reisinger model to the encountered drift phenomenon.

1.4.2 Ion Equilibration in Polyimide

In the course of this thesis, the assumptions made by the Reisinger model proved
to be not applicable to the problem at hand. Invariably, the maximum of the Vpp-
drift was achieved after < 30 min for 175°C HTRB, with no significant additional
drift after this point (cf. chapter 3).

A more concrete consideration of the microscopic processes provides a clearer
picture of how the relatively fast equilibration at 175°C can be understood. As is
described in section 1.3.5, the drift of ions in the passivation layer is the likely cause
of the Vpp-drift during HTRB. Upon application of a reverse bias of 1200 V on J2,
this voltage drop occurs over the depletion region. With the regions of the highest
field strength close to the passivation layer, the ions present in the polyimide are
influenced by the field. The resulting current eventually causes a new equilibrium
state, depending on the applied voltage.

The cornerstone of this argumentation is provided in [25]. This paper treats
electrical conduction in polyimide films, reporting a distinct time dependence of the
observed current density. As the new equilibrium state is approached, the current
density decreases sharply. The onset of this decrease is temperature dependent,
occurring ever sooner with rising temperature.

Reference [25] gives values for the carrier density independent of temperature,
as well as mobility and activation energy for the mobility in the range from 50 to
200°C. An assessment of these values applied to the problem at hand is presented

in chapter 3.



Experimental Setup and Meth-

ods

In this chapter, the experimental setup on which the measurements were performed
is presented briefly, followed by a discussion of the methodology for measuring the
parameters breakdown voltage Vpp and threshold voltage Vry,.

Then, the various measurements and attempts that were performed in order
to facilitate 175°C HTRB are documented. First, the characterization of the self-
heating of the device is treated, including the determination of the thermal param-
eters of the setup.

Subsequently, attempts at decreasing the thermal resistance of the wafer-chuck
system will be described, followed by a description of the approach that will ulti-
mately be pursued in this thesis: The pulsed application of stress bias.

For this thesis, measurements were performed on wafers of a non-productive
IGBT technology in development with a uniform edge termination. These devices

exhibit far greater Vpp-drift during HTRB than productive technologies.

2.1 Experimental Setup

The measurements were performed with a TSK UF200 needleprober designed for
a wide range of wafer level reliability measurements. It is equipped with a ther-
mochuck! and offers the possibility of automated measurements on different devices
on a wafer. For initial experiments, Voltage and current were applied and measured
via an Agilent B1505A Power Device Analyzer. Later, a Keithley 2657A High Power
System SourceMeter replaced the B1505A, due to its wider current range and more
versatile programmability.

Fig. 2.1 shows the setup schematically. This configuration, with a positive bias

applied via the SMU, corresponds to Forward-Blocking Mode (see section 1.2.2)

1A cylindrical metal structure with a temperature control, to provide the desired ambient tem-
perature. The wafer is attached via vacuum nozzles.

34



35

Probing needles

SMU

Thermochuck

Figure 2.1: Schematic of the experimental setup in forward blocking mode, not to
scale. One needle contacts the gate, one the source contact. The downward arrows
signify the vacuum channels.

and is used for HTRB stress and the measurement of the breakdown voltage Vgp.
To measure Vgp, the voltage applied to the drain is continuously increased until
avalanche breakdown occurs (see Fig. 1.7). For this technology, Vpp is defined as
the voltage where the leakage current surpasses 107° A, and is measured at room
temperature.

The threshold voltage Vpp, of an IGBT is defined as the minimum voltage nec-
essary to form a conducting channel between source and drain in conduction mode
(see section 1.2.2). It corresponds to the switching of the device into the on-state
(see Fig. 1.7). To measure it, the drain contact is kept at a constant voltage, while
the gate contact is connected to a second SMU which increases the voltage contin-
uously. The source contact remains grounded. For this technology, Vi is defined
as the voltage where the current surpasses 1073 A, and is measured at room tem-
perature. Measuring Vpp and V7, at room temperature was done to avoid thermal

runaway at high stress temperatures as well as to maintain industry standards.

2.2 Characterization of Thermal Instability

In order to formulate approaches for the realization of a 175°C HTRB, a characteri-
zation of the obstacle of self-heating and thermal instability is necessary. Currently,
HTRB tests on the present IGBT technology are performed at 150°C and 1200 V
stress bias. As this temperature is increased, self-heating of the device rises un-
til thermal runaway occurs. Fig. 2.2 illustrates the phenomenon, with thermal
runaway at 166°C.

Since self-heating causes the junction J2 to reach temperatures above the chuck
temperature, a method to measure the actual junction temperature is useful. For
this purpose, the relation given in eq. (1.26) and illustrated in Fig. 1.10 is used to

obtain a direct relation between leakage current and junction temperature via the
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Figure 2.2: Increase of reverse leakage current with chuck temperature in a power
IGBT typical for this thesis. 1°C-steps from 160°C onwards. The irregularities of
the current values <8 ms are due to the charging of the system capacitance. 1200
V stress bias.

parameters of a suitable fitting function. Here, it is assumed that the first measured
current value at ¢t ~ 8ms is free of self-heating effects and thus equals the chuck

temperature.

The temperature-dependence of the self-heating is illustrated in Fig. 2.3, with

an increasing gap between initial temperature and equilibrium temperature.

To model the self-heating of the device, the heating process is described equiv-
alently to the charging of an RC-element. In this element, the voltage over time is

given by [§]

U(t) = Usnae - (1 —exp [—jD , 2.1)

with Upnax the voltage applied to the element and 7 = RC the characteristic time

constant. By replacing these parameters with their thermal equivalents,

T(t) = Tepmerc + AT (1 _exp [—iD , (2.2)

an expression for the thermal behaviour is obtained, with Tep,c the chuck temper-

ature and AT the temperature change i.e. self-heating.
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Figure 2.3: Self-heating of the IGBTs with increasing temperature. The leakage
current values were measured at the very start of stress bias application (8 ms),
and after reaching an equilibrium (314 s). The data point marked with an arrow is
at the current limit of the setup, because runaway occurred. The right ordinate is

the junction temperature calculated via the method described above.
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Thermal and electrical resistance are expressed accordingly:

U AT
Rel—7<:>Rth— Pel.

(2.3)

The time constant 7 is the time it takes for the system to reach the fraction
(1 —1/e) of its final value (which is, for sub-critical temperatures, the stable final
temperature of the device). For practical purposes, this ’charging’ process can be
considered complete after t = 57 (=~ 99.3%).

With this model established, the parameters Tepyex, AT and 7 in eq. (2.2), as

well as Ry, in eq. (2.3) can be determined for the self-heating process.

2.2.1 Reducing Ry,

The first attempt towards higher stress temperatures was decreasing the thermal re-
sistance of the setup, i.e. the wafer-chuck system. For this purpose, two approaches
were pursued: graphite foil and thermal paste. Both were installed in between the
wafer and the thermochuck, covering only the area of the devices to be stressed.
Two different graphite foils with 25 wm and 100 wm thickness were used.

After preparing the setup like this, constant stress bias was applied and the
self-heating was analyzed as described above. An exemplary comparison of four

individual devices is given in Fig. 2.4.

Table 2.1: The thermal parameters for the different approaches.

Method Tehuek (°C) AT(K) | Ry (K/W) | 7 (ms)
Thermal paste 164.30£0.20 | 1.634£0.17 | 0.64£0.05 | 95+11
No foil 164.44+0.12 | 3.66+£0.17 | 1.39+£0.07 | 105+13

25 um graphite foil | 164.31+£0.15 | 4.80+£0.48 | 1.854+0.10 | 116+10
100 um graphite foil | 164.33+£0.21 | 7.35+£1.10 | 3.38£0.13 | 263+12

This analysis was performed on 4 different devices for each method. The means
of the time constants and remaining thermal parameters are listed in table 2.1, with
the standard deviations as error.

It can be seen fom Fig. 2.4 and table 2.1 that neither of the graphite foils
cause a reduction in the thermal resistance, but that this can be achieved with the
application of thermal paste.

The reason for the negative effect of the graphite foils is most likely the intro-
duction of an additional interface, i.e. insulating air layer. With only the vacuum
suction and the pressure of the probing needles acting upon the wafer, the malleabil-
ity of the graphite foil was obviously not sufficient to ’fill out’ the surface roughness

of wafer and chuck and thus increased the thermal resistance.
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Figure 2.4: Comparison of the differently prepared devices under 1200 V bias and
165°C chuck temperature. The time constants 7 extracted from the fitting functions
are included for each graph. The irregular data points <8 ms are caused by the
charging of the system capacitance and are disregarded.

The application of thermal paste on the other hand had a reducing effect on the
system’s thermal resistance. When increasing the chuck temperature for the wafer
prepared with thermal paste, it was possible to extend the temperature range of a
constant HTRB to 172°C chuck temperature for a single device, with equilibrium
leakage currents of up to ~ 19 mA, meaning a dissipated power of ~ 23 W. Every
subsequent temperature step caused thermal runaway.

This, combined with the considerable effort that comes with preparing the wafer
and especially cleaning the chuck after stressing, disqualified this method as a prac-

tical solution.

2.3 Pulsed HTRB

A different approach is the application of a pulsed stress voltage. The idea is to stress
the system at full voltage for a short enough time that thermal runaway doesn’t
occur, then follow with a stress phase of a similar length at a reduced voltage,
allowing the system to dissipate the heat from the 1200 V phase. The voltage
during this recovery- or low-phase has to be chosen such that the mean power the
system produces at thermal equilibrium is smaller than the maximum dissipation

capability limited by Ry,. Repeated periodically, this effectively constitutes the
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pulsed HTRB. In the following, the ratio of high-phase or pulse width to pulse
period will be referred to as duty cycle, although the low-phase is just a reduction
of the stress bias, not a removal.

From the time constants obtained in table 2.1, where 7 for an unprepared device
is ~100 ms, a pulse width of ¢ = 10 ms ~ 0.1 7 would cause a heating of ~ 9.5%.
Indeed, initial experiments with high- and low-phase at 10 ms each and switching
between 1200 V-600 V yielded stable leakage currents for single devices at 175°C
chuck temperature.

Pulsed HTRB is a new concept. Whether it causes parameter degradation com-
parable to a constant HTRB will be examined in the following. Also, the differences
between pulsed and constant degradation will be evaluated using statistical tools,

which are described in the following section.

2.4 Statistical Methodology

To confirm or deny the equivalence of degradation caused by constant and pulsed
HTRB, datasets of Vpp-drifts caused by the respective tests were acquired first.
The approach was to acquire drift data for various pulsing configurations of pulsed
HTRB and then to compare the pulsed and constant datasets with a statistical
tool known as Welch’s t-test. This test is used to test the hypothesis that two
populations of data have the same mean [26]. The test is an adaptation of the
original Student’s t-test, and is more accurate when the datasets to be compared
have unequal variances and/or sizes [27].

The only assumption that Welch’s t-test requires is a normal distribution of
both datasets. The significance level for whether equivalence of two datasets exists
was chosen to be 0.05 (5%). A review of the existing datasets for constant HTRB
revealed that the maximum of drift over the typical length of an HTRB-test (24h
- 96h) is already reached at the first read-out after 1h. For this reason, the stress
time for our comparative measurements was chosen to be 1h.

In order to acquire a reference dataset for the constant HTRB, sub-critical tem-
peratures are necessary, so as not to cause thermal runaway. 150°C was chosen
as the chuck temperature to achieve this. Making use of the automatic measure-
ment capabilities of the needleprober, the time-consuming task of acquiring the

aforementioned datasets was then commenced. The results are given in Chapter 3.

2.5 The Influence of HTRB on V7,

In the context of this thesis, models developed for the description of BTT are applied

to HTRB. This degradation mechanism occurs via the creation of interface traps
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and oxide charge in the gate oxide of a power device under a negative or positive
gate bias at elevated temperature [22].

Although the gate is shorted to the source and both are grounded during HTRB,
it was investigated whether HTRB has an effect on the threshold voltage Vpp. For
this purpose, four devices each were subjected to constant HTRB, pulsed HTRB
and no stress at 150°C chuck temperature for 1 h, with Vi, being measured before
and after at room temperature. The pulsed HTRB was performed at 50% duty
cycle, with 10 ms at 1200 V followed by 10 ms at 600 V. Here, the stress time was
2 h so that 1 h of net stress at 1200 V is applied to the device. The results are
summarized in table 2.2.

Vi, at room temperature of the examined IGBT technology was measured to
be 5.64 + 0.05 V. This is the mean of the threshold voltages of all devices (n=12)

measured before stress.

Table 2.2: Drift of Vi, for different stresses.

constant HTRB | pulsed HTRB | no stress
Mean -1.3 mV -12.3 mV 12.8 mV
Std.-Dev. 14.5 mV 15.4 mV 27.5 mV

The measured drift is, in all three cases, smaller than the standard deviation that
was measured for the threshold voltage V. This, combined with the large standard
deviation of the results, indicates that any change observed in the threshold voltage
is due to inherent measurement inaccuracies.

For comparison, the measured absolute Vpp-drift of this technology after 30 h
HTGS? for various gate voltages is 7.8 = 9.0 mV.

These drifts are of the same order of magnitude as the ones measured after
HTRB. Even when testing specifically for Vi, drifts, no significant degradation can
be triggered. This leads to the conclusion that the threshold voltage and with it the
gate structure of the present technology is highly resistant to degradation through
bias at high temperatures. Thus, no influence of HTRB on Vpp can be assumed on

the 1 h timescale.

2High Temperature Gate Stress, where a positive or negative gate voltage close to or at the
maximum device specifications is applied for up to 1000 h at elevated temperatures. This test is
especially designed for BTI evaluation.



Results and Discussion

In this chapter, the Vpp-drifts caused by pulsed HTRB will be compared to a
reference dataset of constant-HTRB-drifts using the Welch’s t-test. From there,
further dependencies of the drifts on various parameters of pulsed HTRB will be
shown.

The knowledge gained from these comparisons will then be applied to acquire
an understanding of the microphysical processes occurring during pulsed, as well
as constant HTRB. For this, the model of ion equilibration in the polyimide, as
described in section 1.4.2, based on [25], will be used.

For these measurements, non-productive devices that exhibit a particularly large
VB p-drift were used. This was done in order to be able to differentiate actual drift
behaviour under various stress conditions from the inherent statistical variance of
Vpp measurements. Productive devices usually drift significantly less under HTRB.
Unless otherwise stated, the values for drift are always absolute drift. For this

technology, only negative drifts were observed (reduction of Vgp).

3.1 Equivalence of constant and pulsed
HTRB Degradation

The following figures show comparisons of various drift distributions caused by
pulsed HTRB with a constant HTRB reference data set, at 150 °C stress tem-
perature. The plot type used is a normal probability plot. This plot is useful to
identify substantive departures from normality. Here, the ideal normal distribution
is equal to a straight line. Deviations of data points from this reference line suggest
a not normally distributed dataset. On the x-axis, the Vgp-drifts of the devices are
plotted. On the y-axis, the normal percentiles are plotted.

Fig. 3.1 provides a comparison of a selection of pulsed-HTRB-datasets. For
these comparative measurements, the stress time was chosen such that 1200 V were
applied to the device for a cumulative time of 1 h, like for the reference data. The

%-values are the respective duty cycles, with the percentage always referring to the
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relative time at 1200 V. The total stress time for these comparative measurements
was always chosen such that the cumulative time spent at 1200 V was 1 h. Each
dataset was tested for normality with a significance of 0.05. Failed normality tests
are indicated in the figure. It is speculated that the relatively small sample size
contributes to failed normality tests.

Fig. 3.1 shows that no equivalence between pulsed and constant HTRB degra-
dation could be achieved. The only ¢-test-positive dataset is found in Fig. 3.1 (a).
Here, after a pulsed stress phase, the cooldown to room temperature for the mea-
surement of Vgp happened under constant stress bias. This cooldown from 150 °C
to room temperature typically takes around 30 min. The reasons for this apparent
equivalence will be discussed later, when treating the ion equilibration model.

Pulsed HTRB seems to cause a generally smaller drift than constant HTRB,
even if the total time spent at 1200 V bias is the same as for the constant-bias tests.
This is indicated by the pulsed datasets being shifted to the left compared to the
reference. This is also apparent by comparing the average values p of the different
distributions. Also apparent is the great similarity of the red and green distributions
in Fig. 3.1 (b). They are t-test positive. The green distribution, however, fails the
normality test. Considering the small sample size, however, this can still be viewed
as an indication that the two pulse configurations cause the same degradation in
the device.

Then, the influence of the low-phase voltage on the Vpp-drift was investigated.
This is shown in Fig. 3.2. With increasing low-phase-voltage, the drift increases as
well.

These findings lead to the hypothesis that a pulsed HTRB causes the same
degradation as a constant HTRB at the medium voltage - e.g. a 1200-600 V pulsed
HTRB at 50% is equivalent to a constant HTRB at 900 V. Specifically, the mean
voltages of the green and red plots in Fig. 3.1 (b) equal 900 V and 918.75 V,
respectively. Measurements were made to confirm or deny this hypothesis. Figs.
3.3, 3.4 show comparisons between the drifts caused by pulsed HTRB under the
specified parameters and constant HTRB at the respective mean voltages. The
datasets acquired at low-phase voltages of 400 V, 800 V and 1000 V yield positive
t-tests, supporting the hypothesis. Although the total stress times are different for
each, the total time at 1200 V was the same for all, as before. Additionally, stress
times exceeding 1 h have no effect on the total Vpp drift, as is also shown in Fig.
3.6.

The lower plot in Fig. 3.4 shows a drift comparison between 1200-0 V pulsed
and 600 V constant HTRB. These datasets quite obviously give a negative t-test.
The original purpose of these measurements was to determine whether Vpp-drift

even occurs when pulsing between 1200 V and 0 V. For this pulse configuration, ions
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Figure 3.1: Probability plots of the Vpp-drifts. The Volt-values indicate the respec-
tive high-and low-phase voltage of the pulsed HTRBs. CC indicates constant-bias
cooling, where devices were cooled for readouts under a constant 1200 V bias. If
a CC is not present, pulsed-bias cooling at the stress parameters was performed.
Hour-values indicate the stress time. %-values are the respective duty cycles. NN
indicates a non-normal distribution, as a result of a Shapiro-Wilk normality test.



45

1200-400 V: mu = 142.36364 sigma = 17.66507
mu = 156.75 sigma = 11.86532
1200-800 V: mu = 170.72727 sigma = 14.22737

1200-1000 V: mu = 191.18182 sigma = 21.47006
95
n
Q@
T 70
)
o
[0)
o
= 40+ O 1200-1000 V @ 50%, 2h
g —— Reference Line
=) O 1200-800 V @ 50%, 2h
Z —— Reference Line
10 - 1200-600 V @ 50%, 2h
Reference Line
O 1200-400 V @ 50%, 2h
—— Reference Line
1 . . . . . . —

T T T T T T 1
100 120 140 160 180 200 220 240
Drift (V)
Figure 3.2: Dependence of the Vpp-drift on the low-phase voltage during pulsed
HTRB.

in the imide experience equal times of stress and no stress. A detailed consideration

of the microscopic processes makes the encountered drift plausible (see section 3.2).

3.2 Microscopic assessment

In this section, the physical mechanisms behind the problem will be considered,
starting from the concepts and results given in [25]. First, an overview over the
various conduction mechanisms in an insulator like polyimide is given. Then, the

results of the paper will be applied to our problem and data.

3.2.1 Conduction Mechanisms in Insulators

Under sufficient electric field and/or temperature, a certain degree of carrier conduc-

tion is present even in insulators. An estimation of the electric field in an insulator

& =&, (65> x %, (3.1)

€

under bias yields [3]

where & and & are the fields in the insulator and underlying semiconductor, re-
spectively, €; and ¢; are the respective relative permittivities, V' is the applied bias

and d the thickness of the insulator.



46 Results and Discussion

Normal Probability Plot of Drift.
Pulsed: mu =191.18182 sigma = 21.47006

Constant: mu =195 sigma = 18.35367
95 O 1100V constant, 1h
—— Reference Line
O 1200-1000 V @ 50%, 2h

n —— Reference Line
2 t-Test positive
ch> 70
=t
[}
a 40
=
S
(=}
Z

10 H

(0)
1 T I T I T I T I T I T I T I T
80 100 120 140 160 180 200 220 240
Drift (V)

Normal Probability Plot of Drift.
Pulsed: mu = 170.72727 sigma = 14.22737
Constant: mu =157.5 sigma = 15.62964

O 1000 V constant, 1h
95 4| —— Reference Line
O 1200-800 V @ 50%, 2h
Reference Line
ﬁ t-Test positive
S 70
e
)
o 40
©
£
o
=z
104
1 T T T T T T T T T T T T T T T
80 100 120 140 160 180 200 220 240
Drift (V)

Figure 3.3: Comparisons between drifts caused by pulsed HTRB and constant
HTRB at the respective mean voltage.
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Table 3.1: Conduction mechanisms in an insulator, after [3].

m* - effective mass. A* = 47rm*qk2 / h? - effective Richardson constant. AE, . - ac-
tivation energy of electrons. AFE, ; - activation energy of ions. a = +/q/4me;d, b, c,d’
- constants.

Mechanism Current T- and V-Dependence
Tunnelling J o< E2exp [_42\/@%] o V2exp (,vb)

gmhfsrgggmc J = A*TQGXP |:—q(¢B_W):| X T2exp [%(GW - ¢B)}
Erl;figgieoll_lPOOIe J x Eexp [—q(¢3—k\ém)} x Vexp [%(2(1\/? - (;53)}
Ohmic J o Eiexp (7%6?’6) o Vexp ()

Tonic J o Eexp (*i?ai) x Yexp (%)
Eﬁiiggjharge J = S/ o V2

The mechanisms shown in table 3.1 are briefly described in the following:

e Tunnelling exhibits the strongest voltage dependence, but is largely temperature-

independent.

e Thermionic emission, also known as Schottky emission, refers to carriers over-
coming the work function barrier of the respective material by thermal energy.
This barrier can be lowered further through application of an electric field,

which corresponds to the term subtracting from ¢p in table 3.1.

e Frenkel-Poole emission is the emission of trapped electrons into the conduction
band through thermal excitation. Trap states with Coulomb potentials show a
similar barrier-lowering term, albeit twice as large because the positive charge

is immobile.

e For low voltages and high temperatures, thermally excited electrons hop be-

tween isolated states. This process shows an Ohmic characteristic.

e Jonic conduction is similar to a diffusion process. Since ionic charges cannot
be readily injected into the insulator or extracted from it, the observed current
generally decreases after the electric field has been applied for a time. This
is connected to the positive and negative charges building up at the edges

of the insulator, at the semiconductor-insulator interface. This distorts the
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Figure 3.5: The dominating conduction mechanisms in a two-side-metallized 25 pm
polyimide film. The slanted vertical lines (marked 100°C and 200°C) signify the
time when the transition from bulk- to interface phenomena occurs. Reprinted with
permission from [25]. Copyright 1986, American Institute of Physics.

potential distribution. Upon removal of the field, the remaining internal fields

cause the charges to re-establish the previous equilibrium state.

e Space-charge limited currents are the result of carriers injected into a lightly
doped semiconductor or insulator with no compensating charge. They are

proportional to the square of the applied voltage.

For different insulators, different conduction mechanisms dominate for different

bias- and temperature conditions.

3.2.2 Processes in the Polyimide

Reference [25] presents a semiquantitative overview for the dominating conduction
mechanisms in polyimide at various temperature and field conditions. It is repro-
duced in Fig. 3.5. For these measurements, a polyimide film between two metal
contacts was used. For our purpose, where the imide layer is in contact with the
semiconductor region across which the bias is applied (see Fig. 1.17), the situation

is similar.
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The current in the polyimide sample was observed to undergo a significant
reduction in magnitude down to a steady-state current. The time it took after
the applying of a bias for this transition to occur was observed to be strongly
temperature-dependent and slightly field-dependent (slanted vertical lines in Fig.
3.5).

Before the transition, current transport is limited by bulk phenomena like ionic
currents or polarization. The depletion of carriers in the bulk is a probable cause for
the current reduction. An additional reason is the formation of charge layers near
the electrodes and the resulting decrease of the field strength in the bulk. Results
obtained by other authors for the same time range were also interpreted as ionic

charge transport. See e.g. [28].

Applied to the edge region of the IGBT, this is equivalent to the depletion of ionic
charges from the polyimide bulk and the formation of charge layers at the regions
of high field strength, i.e. the PN junctions. The current-voltage characteristics
are ohmic for low fields and should be Frenkel-Poole modified at high fields. This
was, however, not tested for in [25]. After the transition, the observed steady-state
current is controlled by the metal-polyimide interface (semiconductor-polyimide in
our case). It is ohmic at low fields. At high fields, Schottky emission modified by
the charge layers dominates. The current is most likely electronic in nature after

the transition.

As can be seen in Fig. 3.5, the transition occurs sooner with rising temperature.
For 175°C, the transition should occur somewhere between the 1 min and 1 h mark.
Indeed, for long term HTRB tests (>24 h), the maximum of Vpp drift was invariably
encountered at the first readout after 1 h (see Fig. 3.6).

Consequently, an investigation of the ’'drift speed’ at various temperatures was
performed. For this, the first readout of Vpp was extracted after 300 s. Fig. 3.7

shows datasets of two groups of four devices each.

It can be seen that the equilibration of Vzp occurs earlier with higher temper-
ature. At 175 °C, the first readout at 300 s already shows the biggest drift. For
lower temperatures, the drifting process is observed to be slower. This trend is in
accordance with the positive correlation of ion current and temperature as well as

increasing carrier mobilities with increasing temperature.

In [25], trap-modulated mobilities for positive charge carriers in the polyimide
are presented, derived using two different approaches. They are listed for the tem-
peratures in Fig. 3.7 in table 3.2. Using these mobilities, an assessment of the
distances covered by charge carriers during various stress durations is given in table
3.3.
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Table 3.2: The mobilities of positive charge carriers for the three different temper-

atures. Acquired from [25].

Results and Discussion

Temperature (°C) | Mobility (cm?/Vs)
130 3-10°10
150 1-1077
175 5-107°

Table 3.3: Theoretical distances covered by the charge carriers for the three different
temperatures at a field £ ~ 3.4-10° V/m and ~ 34-10% V /cm at a pulse configuration
of 1200 V - 300 V at 25 % duty cycle.

Temperature (°C) Distance covered (pum) after
300 s | 600 s | 1200 s | 1800 s | 2400 s
130 13.5 27 54 81 108
150 45 90 180 270 360
175 225 450 900 1350 1800

In this table, the pulsing during pulsed HTRB was considered, i.e. the charge
carriers move faster during the 1200 V-phases and slower during the 300 V-phases.
Of course, the transition to interface-limited conduction occurs very soon for 175
°C, so the majority of ionic carriers is not practically moving through the imide
anymore after 300 s. The lateral expanse of the edge region of the IGBT devices
examined is roughly 350 um. Considering the distances in table 3.3, the data points
in Fig. 3.7 can be understood.

At 175 °C, a stress time of 300 s is enough for the ionic carriers to travel almost
the entire distance through the polyimide. Additionally, the cooldown to room
temperature under pulsed stress before every readout must be considered. During
this cooldown, additional carrier movement occurs, getting slower with declining
temperature. These factors combined make it reasonable to assume that after 300
s of stress at 175 °C followed by pulsed-bias cooldown under stress, the majority of
ionic carriers have reached their new equilibrium position.

For the lower temperatures, the process is slower. Additionally, cooldown takes
This reduces additional drift

during cooldown compared to the 175 °C stress. These points explain the slower

less time and covers a lower temperature regime.

approach to the new equilibrium at lower temperatures.
Additionally, the apparent equality of drifts for pulsed HTRB and the respec-
3.3, 3.4 can be understood. The

field strengths used for our experiments result in ionic velocities on the order of

tive mean constant HTRB as shown in Figs.

0.01 to 1 um/s, depending on voltage and temperature. At these velocities, rapid
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pulsing of the voltage has the same effect on the carriers as stressing at the mean
constant voltage. This is because the pulsing frequency is very rapid compared to

the movement of the carriers across the passivation layer.

What remains unclear is the obvious discrepancy between the drifting behaviour
for pulsed and constant HTRB in Fig. 3.4. The complete removal of bias in between
the 1200 V phases might enable an unknown recovery mechanism that causes the

ionic carriers to drift back towards their equilibrium distribution at 0 bias.

The shifting of ionic charges in the polyimide resulting in charge layers at the
interface is used to explain the observed Vpp drifts. The drift data is in good
agreement with the carrier mobilities presented in [25]. This also explains why
the Reisinger model could not be applied to the problem at hand. It assumes a
distribution of defects on the spectral density map that does not change with time,

which is not given for moving ionic carriers.

3.3 Summary and Outlook

In the present work, a methodology for the characterization of the thermal runaway
in IGBT power devices under HTRB stress was presented and executed. Several
attempts to decrease the thermal resistance of the wafer-chuck system were made
and documented in order to increase the thermal power dissipated during stress.
However, they proved either unsuccessful or too cumbersome for an application

under operating conditions.

The focus was then turned towards a pulsed application of stress bias. Providing
a period of reduced stress bias after a short (on the order of ms) period of nominal
stress at 1200 V allows the junction temperature to decrease periodically. For
an adequate pulse configuration, this method proved to remain stable at a chuck

temperature of 175 °C.

When attempting to achieve equivalent degradation for pulsed and constant
HTRB, a significant difference for the Vgp drifts observed using the different meth-
ods became apparent. Further investigations indicated that the pulsed stress is
equivalent to a constant stress at mean voltage (see section 3.1). This, however, is
only given for low-phase voltages larger than 0 V, presumably due to an additional

unknown recovery mechanism at small biases (compare the lower plot in fig. 3.4).

These results provide further insight into the mechanism behind the Vpp drift
observed in IGBT power devices. The results support existing models based on the
drift of ionic charge carriers present in the polyimide passivation layer at the edge

regions of the device.
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Figure 3.8: A comparison of power over time for a pulsed HTRB and a constant
HTRB with the same mean voltage. The mean power values are shown to the right
of the graph. The measurements were performed at 160 °C chuck temperature.

3.3.1 Advantages and Disadvantages of Pulsed HTRB

Since a constant HTRB at 175 °C could not be realized, the pulsed HTRB represents
a compromise in many ways. Firstly, although the same degradation mechanism is
triggered, and degradation occurs at an accelerated pace due to the higher temper-
ature, the absolute Vpp drift remains smaller than for a constant stress bias.
During the high phase, the device is undergoing self-heating, which is then
interrupted by a phase of lower voltage during which the current can stabilize.
The self-heating of the IGBT was shown to behave like a thermal low-pass filter
(thermal equivalent to an electrical RC circuit). Thus, during the high phase the
leakage current is the sum of the leakage current without thermal instability, as
given in eq. (1.30) and the additional current caused by self-heating. Opposed to
this, the leakage current during the low phase is stable because of a significantly
reduced bias. The power generated by the leakage current and the applied bias can
be written as
U? U?

P-U.-I=2 =P
R R

This makes it plausible that the mean power during pulsed HTRB is not equiv-
alent to the mean power generated by a constant HTRB at mean voltage, but
higher (see fig. 3.8). Nevertheless, pulsed HTRB and constant HTRB at mean

>

=| S,

(3.2)

voltage cause an equivalent change in Vpp, since the absolute drift is independent

of temperature.
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Considering these facts, a pulsed HTRB is inferior to a constant HTRB at mean
voltage with regard to the resulting Vpp drift. For the same mean power, a constant
HTRB could be performed at a voltage higher than the mean of the pulsed HTRB,
causing larger degradation. The pulsed HTRB still has one important advantage:
The device is actually being stressed under the desired conditions periodically, albeit
for short voltage pulses (5 ms for the established stable pulse configuration).

As such, the pulsed HTRB can serve as a monitoring tool for possible degrada-
tion that is not caused by the degradation mechanism described above, but by a
possibly unknown mechanism or mechanisms that might only be triggered at these
high temperatures (>170 °C) and high voltages. Moreover, these short pulses of
nominal stress voltage are much closer to what the device experiences during its
active lifetime than a constant stress bias. A bias close to the maximum device
specifications in forward blocking mode only occurs in very short pulses during
switching operations. This switching typically occurs with frequencies on the order
of kHz.
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