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ABSTRACT

Dynamics and "travelling® modes of localized moving current
filaments in electrostatic discharge (ESD) protection devices during
current stress pulses are investigated using backside interferometric
thermal mapping methods. The spatio-temporal evolution of the
filament along the device width is related to the time evolution of the
voltage waveform and to the IV characteristics of the device.
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INTRODUCTION

Inhomogeneous current flow or current filamentation is a main
failure cause in power devices [1,2] and electrostatic discharge
protection devices (ESD PDs) [3-5]. Destructive filaments are
formed during second breakdown event due to positive thermal
feedback and thermal carrier generation [6,7]. Filaments may also
have a pure electrical origin, driven by instabilities related to a
negative differential resistance (NDR) in S-shaped current voltage
characteristics [8-11].

Current spreading mechanisms and pulse to pulse instabilities in
current distribution in ESD PDs have previously been studied using a
scanning [12] as well as a 2D interferometric technique [13,14].
Under high stress magnitudes, large filaments (or current
inhomogeneities) were observed. Under sufficiently long stress
duration, the active region was observed to spread over the whole
width of theinvestigated devices. A monotonic increase of the device
voltage accompanies the current homogenization process during the
stress pulse. This indicates that the homogenization process is related
to the negative temperature dependence of the impact ionization
coefficient. In effect, in order to maintain the constant current value
during the stress pulse, the voltage has to increase to assure the same
generation rate.

In this contribution the dynamics and "travelling” modes of
localized current filaments in smart power ESD PDs are investigated.
We combine backside transient interferometric mapping (TIM)
techniques (scanning [15,16] and holographic [13,14]) with detailed
electrical measurements. In contrary to the previous studies we
concentrate to lower stress currents and longer pulse lengths. Under
such conditions, the filament remains well localized and moves
during the pulse, i.e. no current homogenization occurs. The filament
"travelling” in the device produces a specific "fingerprint” in the
measured voltage waveform. Consequently a specific pattern is
formed in the IV characteristics, when plotted point by point. Such
an electrical behavior is usually hidden in standard ESD testing due
to data averaging over time and over different stress pulses. Filament
"travelling” modes and mechanisms are investigated in two different

device types, which exhibit a single and complex filamentary
behavior.

DEVICES STUDIED

Smart power technology ESD protection test structures are
fabricated on an n-epi layer grown on a p-substrate (see Fig. 1). A p-
well / n-buried layer pn junction determines the breakdown voltage
in both devices (about 40V, Vy5,>8kV). A n* - sinker is used as a
collector contact. A n+ diffusion in the p-well forms the emitter of
the vertical npn transistor of the npn ESD protection device (see Fig.
laand [12,17]). The p-base and n-emitter are short-circuited.

A Silicon Controlled Rectifier (SCR) device is formed by adding
an p-doped region close to the sinker of a npn device. In thisway a
lateral pnp transistor is created which is connected to a vertical npn
oneasindicated in Fig. 1b [18,19].

Y
7 L. Anode Cathode ‘;%

7=0F =L N
P+ [N+ N N+
ep| sink
Rov e\ v
| |
|AV —1 !
Rp. N buried layer
i X rFsuostate ¥
Z=L}
A/ Laser beam—>

@

Lo Anode  Cathodest ?
N+ N

P+ P+

N-+
sink

RBV,r Ty L._!TL P-well
rl— 1 — l

lav
Rev Ral N buried layer
P substrate

(b)

FIGURE 1. Simplified cross section with an electrical replacement
scheme of a npn (a) and SCR (b) ESD protection device. The black
arrows indicate the position of the phase maxima along the device
length.



METHODS
Optical methods

The current-induced power dissipation is studied by monitoring
the temperature-induced changes in silicon refractive index by an
infrared probe beam. The resulting optical phase shift Dj is detected
interferometrically using the TIM method. A scanning interferometer
[15] is used to obtain the time evolution of phase shift at each
position with 3ns-resolution. A focused infrared probe laser beam is
used (wavelength | =1.3um, space resolution 1.5um) to scan the
device along the device width (y-direction, see Fig. 1a8). The beam is
positioned at the maximum phase shift along the x-direction.
Typically 3-50 pulses are applied at each position in order to monitor
al possible phase distributions (filament "modes'), which may vary
from pulse to pulse. A similar approach, employing "scatter” plots of
phase shift, has previously been used to study current spreading
phenomena and pulse to pulse instabilitiesin ESD PDs[12].

A 2D TIM method is used to capture the temperature-related
phase image of the whole device [13]. This method uses the principle
of holographic interferometry where a broad laser probe beam
(I =1.3um) illuminates the whole active area from the device
backside. The thermal distribution in the device can be obtained
during a single stress pulse with a time resolution of 5ns. This
method permits us to distinguish unambiguously between different
filament modes.

If the thermal effects dominate, which is the present case (the
free-carrier contribution to the total phase shift can be neglected or
can be spatialy separated from the thermal contribution), the phase
change Dj is directly related to a 2D thermal energy density E,p in
the device [16]:
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where ¢y is the volume specific heat, dn/dT is the thermo-optical
coefficient, and E,, and Dj in the numerical expression are in
ndum? and rads, respectively. E,p is in fact a projection of 3D
thermal energy density ¢,DT to the lateral plane {x,y}, where DT is
the difference between the temperature due to self-heating and the
room temperature. As such E,, and therefore also the phase shiftisa
memory quantity reflecting all the previous time-dependent
distributions of power dissipation in the device.

The instantaneous 2D power dissipation density P,, (i.e. a 2D
projection of a 3D power dissipation density) can be calculated from
the time and second-space derivative of the measured phase shift
[19,20]. Neglecting small voltage variations on the device, P,p
represents well the local current density in the device. More
precisely, it is an averaged current density over the laser beam path.
Using "scatter" data of phase shift, where two or more space
distributions of the phase shift overlap, only a time derivative can
directly be calculated. Therefore P, is calculated neglecting the
space derivative terms [19]:
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Intuitively, taking into account (1), P,y is nearly atime derivative
of E,p. P,p calculated using (2) describes well the dynamics of the
current filaments. The neglecting of the space derivative term in
expression for P, introduces undulations in P,, (can be negative,
see below).

Electrical stress

The devices are stressed by current pulses with constant
amplitude and 500 ns - 1us duration. A transmission line pulser
(TLP) [21] and a high power switch [15] were used. The stress drives
the devices into a bipolar snapback mode where the avalanche
multiplication in the base-collector junction supports the electron
injection from the emitter-base junction of the vertical npn transistor.
In the SCR device, at the low stress currents used, only the vertical
npn transistor is active and the lateral pnp transistor is not triggered.

Using both scanning and 2D TIM methods, at each stress pulse a
voltage waveform U(z) was recorded. It was correlated with the
phase evolution Dj (t) at a particular position {x,y} in the case of
scanning method. In the case of 2D holographic method U¢?) was
correlated with the phase distribution Dj (x,y) a a particular time
window around ¢. By this way it was possible to relate the Uz)
evolution during the pulse with a particular spatio-temporal evolution
of the current density in the device.

The IV characteristics were obtained by averaging the current and
voltage waveforms in a short time interval (usually some 2-5ns). The
undulations in the waveforms due to unmatched load vanish after
some 50ns. Therefore, for longer times the measured voltage directly
represents the voltage due to instantaneous internal device behavior.

RESULTSAND DISCUSSION

Localized moving current filaments are observed in devices
exhibiting a NDR or a near-zero differential resistance region in the
high current 1V curve. The filament characteristics (starting place,
size, speed, "travelling mode" and occurrence probability of the
mode) depend strongly on stress magnitude. We emphasize that no
relation has been found between the filament behavior and a
particular device type (for example npn or SCR). A common feature
observed is that the filament complexity (number of filament modes)
was usually found to increase with increasing stress current. In the
following we present typical characteristics of simple (one single
dominant mode) and more complex current filaments, which were
observed in the studied devices.

Simple filaments

Figure 2a shows the "scatter” plot of phase distribution (thermal
energy) along the width of a SCR device for five particular time
instants during a 1us long stress pulse of magnitude 75=0.15A. Figure
2b represents the extracted P,, data (i.e. representing the current
density), obtained using (2), for the same time instants. At the pulse
beginning (1£100ns) only one localized peak (current filament) can
be seen in both Dj and P,, distributions, which indicates that the
current starts to flow in the device center. The filament stays at the
same place, and the phase shift, and therefore temperature, increases
with time. At further times (#>100ns), the Dj scatter plot forms two
overlapping "envelop” distributions (see the plot at /=200ns in Fig.
2a). In the P,, plot, two well-separated localized regions can be
distinguished. From the P, data we can estimate the filament size to
be less than 10pum.
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FIGURE 2. Scattered plots of (a) Dj and (b) P,p distributions along the width of a SCR with time as a parameter, Is=0.15A. The scanning
interferometer is used. At each position the data for several stress pulses are presented. The two envelopes obtained from the data points
represents two equivalent symmetrical filament modes (only one filament exists during the stress pulse). The negative undulations in P,p are
artifacts arising from the neglecting of space derivative terms in calculations. The solid gray lines in (b) indicate how the filaments move with

time.

The above results show that (i) the original current filament starts to
move from the center toward corners, and that (ii) the direction of the
movement toward corners is random from pulse to pulse. It can aso
be noticed from Fig. 2a that the phase shift at r=100ns is higher than
at 1=200ns. It means that the temperature in the filament for 1£100ns,
when the filament does not move, is higher than for £>100ns, when it
MOVES.

The filament reaches the corner at time »»350ns after the pulse
beginning. It stays some time at the corner and starts to move back
towards the opposite device corner. At the corner the phase shift
increases, indicating that the temperature in the filament at the corner
exceeds the temperature in the filament when it moves. The current
filament reaches the opposite corner at »950ns after the pulse
beginning. Similarly as during the first turn-around the corner, it
stays some time at the corner and then starts to return back. The two
gray lines in Fig. 2b represent two possible filament paths in the
device with progressing time.

At this point we would like to point out the "memory" property of
phase shift. While P,, shows that the position of filament is well
localized, the phase shift distribution is non-zero even in regions
where P,,=0. The amplitude of phase shift in the region with P,,=0
depends well on the rate of cooling to lateral sides and on filament
size [16]. The phase dynamics during cooling can well be seen in the
time evolution graph in Fig. 3. Here Dj () is shown in the middle

(y=0um, cf. Fig. 2) and near one corner (y=40um) of the device. In
these records, the filament moves first from position y=0 to the
position y=60um and then returns back. The Dj increase means that
the filament dissipates heat at the measurement position, while the
Dj decrease means the cooling. At position y=0um the phase
increases immediately from the pulse beginning (=0ns), as the
filament originates there. When the filament |eaves the device center,
the cooling occurs. Then around =630ns, the filament passes again
the device middle (cf. also Fig. 2b, P,, data at =450ns and 800ns).
At position y=40um in Fig. 3, the heating starts with a delay and two
closely-in-time spaced phase rises can be observed due to two-fold
passage of the filament over this position.

It should be noted that the cooling rate (Y2/D)j /df/) in the filament
is quite high (see decreasing part of Dj (t) in Fig. 3) as the filament is
well localized in space and the heat can spread to both latera
directions (i.e. parallel and perpendicular to device width). In case
when the device triggers homogeneously along the width (i.e. the
longer dimension) and the probe beam position is far (compared to
diffusion length) from sample corners, the phase decreases much
more slowly (see eg. [16]). This is caused by the fact that in the
latter case the heat can spread only in one |lateral spatial direction (i.e.
along the device length - shorter device dimension along the x-axis).

Phase distributions due to the heat generation in filament,
recorded by the 2D TIM method at two time instants, are shown in
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FIGURE 3. Phase shift evolution at two different positions in the
SCR device.

Fig. 4. At r=200ns after the pul se beginning, the phase shift exhibits a
localized plateau beginning at the device center (Fig. 4a), which is
consistent with the results of Fig. 2a. The phase profile in Fig. 4b is
recorded at the moment where the filament returns back from one
device corner. One can clearly see a comet-like tail in the phase
distribution between the center and corner of the device. As well, a
phase shift peak is observed at the corner. The measured phase
profiles are consistent with the scanning TIM measurements in Fig.
2a. It can also be noticed that the phase shift along the device length
(x-direction) peaks at the position related to the n+ emitter,
confirming that only the vertical npn transistor is active under the
stress conditions used.
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FIGURE 4. Single-shot 2D phase images of SCR device at I5=0.154,
recorded at time (a) t=200ns and (b) t=400ns after the pulse
beginning. The arrows indicate the filament movement.

The voltage waveform related to filament movement in Fig. 2 is
shown in Fig. 5 (see U(y) at 1;=0.15A). Aslong as the filament stays
at the position of its origin (center of the device), the voltage of the
device increases (t<100ns). As the filament moves to corner, the
voltage lowers and remains nearly constant until the filament
approaches the corner (1<270ns). When the filament is some 10um
away from the corner, the voltage on the device abruptly decreases
(the minimum is marked by (-) at #»320ns in the curve for 7;=0.15A,
see Fig. 5). At the corner, when the filament stays, the voltage across
the device rapidly increases (maximum marked by (+) in Fig. 5).
When the filament returns the voltage lowers and remains nearly

constant during the time the filament moves to the opposite corner.
As the filament approaches and reaches the opposite corner, the same
features as described above are observed: First the voltage decreases
and then the voltage increases (see marking by (-) and (+) in the time
interval of 870 - 950nsin Fig. 5).
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FIGURE 5. Vertical zoom of the voltage waveforms in the SCR
devices under lus long current pulses of 0.15A4 and 0.25A. The
indicated voltage decrease (-) and increase (+) is related to the
filament passage just before the corner and at the corner,
respectively.

It should be noted that the voltage waveform U¢z) in Fig. 5 at
I=0.15A is common for both movement directions of the filament.
Thisis due to the symmetry of the device and of the filament modes.

The filament speed was found to increase with the stress current.
Fig. 6 shows the extracted P,, distribution at 7;=0.25A at time
t=800ns. Compared with the P,,, distribution at the same time instant
for I;=0.15A (Fig. 2b), it can be seen that the filament at 7;=0.25A
travels longer distance (i.e. it is closer to either corner). This effect
can aso be seen in Fig. 5 where the voltage waveform for 7;=0.25A
is also shown. The voltage minima (-) or maxima (+) in Uyt), related
to filament passage over the corner, occur earlier at 7[;=0.25A
compared to that at 7;=0.15A. It can be noted that more complex
modes with low occurrence probability were observed in this device
at higher stress current (not discussed here).
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FIGURE 6. Extracted P,p distribution in the SCR device at Is=0.254
and t=800ns. The filament travels a longer path compared to that at
lower stress currents (compare with P,p distribution at t=800ns@
0.154 in Fig. 2b). The randomly occuring points outside of the
dominant filament region are due to another rare filament mode.



Fig. 7 shows the IV curve of the SCR device a low currents
plotted at two time instants. The averaging is performed only at time
interval of 2ns. The time variation in U results in temporal
variations in 1V curve. A crossover between the IV curves recorded
at different time intervals can be observed. This is a fingerprint of
specific internal  device behavior, exhibiting moving current

filaments.
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FIGURE 7. High current IV curves for the SCR device at two
different time instants.

Interpretation: From the increase of filament speed with I (i.e. also
with dissipated power) it can be concluded that the driving force for
the filament movement is the temperature rise or more precisely the
temperature gradient in the filament. In other words, the filament
moves from hotter to cooler region. This is caused by the negative
temperature dependence of impact ionization coefficient [12,22].

The voltage decrease related to the filament position just before
the corners is attributed to a higher impact ionization rate at
terminations (spherical junctions). The voltage increase at the
corners, where the filament stays, is attributed to the increased
temperature there. Consequently, in order to maintain the constant
impact-ionization generated current, the voltage has to increase. As
the filament moves, the voltage remains nearly constant, since the
walking has a stabilizing effect on the filament temperature.

The strong filament localization, as opposed to the current
homogenization at higher currents [12] is attributed to the combined
effect of the NDR-related electrical non-linearities and low applied
current on one hand, and thermal dynamics on the other hand:

1. Due to NDR, the current density in the device becomes
unstable with respect to small fluctuations in carrier density,
producing current collapse into a filament [8,11]. When the total
applied current islow, the current filament has a small size.

2. Due to the small filament size, the cooling to lateral sides is
fast (see the discussion related to Fig. 3). The low dissipated power
and the filament movement cause that the temperature along the
device width cannot homogenize, at least for times less than 1us.
Therefore the current flow cannot homogenize and it remains
strongly localized. The current density in the filament is nearly
constant with time (see nearly the same P,, maxima in Fig. 2b). It
should be noted that at high power dissipation (Ig>1A [18]), the
temperature along the width homogenizes quickly as the thermal
energy input in the device active area overcomes the energy output
due to lateral heat spreading. This results in the fast current flow
homogenization, i.e. initialy spatially localized filament increases its
size (decreases the current density) with time, up to the device width.

On the other hand, the pulse to pulse instabilities in the filament
direction are supposed to originate from small fluctuations in the
carrier density in the device center.

Complex filaments

Figs. 8 and 9 show a "scatter" plot of the phase shift and P,y
distributions aong the width of the npn device at r=200ns and
t=400ns, respectively (Ig=0.5A). In this device, two dominant
symmetrical filament modes (so in total four modes) are found. In
both modes the filament originates close to one of the device corners.
The filament position randomly alternates between the two corners
from pulse to pulse. The origina width of filament is approximately
30um. The characteristics of the two modes are presented in the
following:

Mode 1. The maximum of the phase shift at the position of
filament origin peaks some 15um from the corner (see Mode 1 in
Fig. 8). The occurrence probability of this mode is 50%. With
progressing time the filament stays nearly at the original position,
while the phase amplitude, and therefore also temperature, increases
(see Fig. 9). The center of the filament (defined as peak in Py
distribution) moves slightly toward the corner. The P, peak position
as afunction of timeis schematically shown in Fig. 10.

t=200ns
43
T 37
= ]
€ 27
0 ]
P 11
G ] LN
= ] .||E' ~ Y T . f
o 01 |||||||||.||-.-= e gl |||||||||||||||||||
-80 -60 -40 -20 0O 20 40 60 80
Position along the width (um)
3
m9c{e2 t=200ns
0.03 -
— J . . |=/ \ .-
g- " g 0
< 0.02
=
E
>, 0.01-
‘0
o
5 0.004
o ]
5-0_01 —.——————————————————————————
o -80 -60 -40 -20 20 40 60 80

Position along the width [um]

(b)
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device at t=200ns and Is=0.5A. Two dominant non-equivalent
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The phase distribution at two time instants, obtained using the 2D
TIM method is shown in Fig. 11. It can clearly be seen that the
spatial extent of the filament at /=125ns (Fig. 11a) remains almost
unchanged compared to that at /=400ns (Fig. 11b). However the
phase amplitude at r=400ns increases, which is consistent with the
scanning TIM measurements (see Fig. 8a and 9a).
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FIGURE 10. Sketch showing the evolution of the possible filament
modes in the npn device. Only the position of the filament center is
plotted.

The voltage waveform related to this mode is shown in Fig. 12
(curve Mode 1). One can see a monotonous increase of the device
voltage from the pulse beginning. This is attributed to the strong
heating and temperature increase in the filament, which does not
move, and a consequent decrease of impact ionization rate.

Under pulses of 500ns duration following Mode 1, one can
sometimes observe a sharp decrease in the voltage some 10-20ns
before the pulse end (see the arrow in Fig. 12). Thisis attributed to a
second breskdown event [6,23], which is however non-destructive
(see e.g. [14] for non-destructive 2™ breakdown events). It means
that no increase in leakage current was observed after such an event.
In this case, the voltage drop would be related to the onset of thermal
generation of holes at the position of temperature maximum in the
filament [7].
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FIGURE 11. Single-shot 2D phase images in the npn device, related
to filament Mode 1 at two time instants: (a) t=125ns and (b)
t=400ns.

Mode 2. In the second filament mode (occurrence probability is
45%), the current filament originates at the either corner, as well.
With progressing time the filament moves toward the opposite device
corner where it stays for some time (see Figs. 8 and 9). The evolution
of P,y peak for this mode is schematically shown in Fig. 10 (see
curve "Mode 2"). At the end of the 500ns long pulse, the filament
reaches the opposite corner. For prolonged pulses or slightly higher
stress magnitude the filament can return back, similarly as in the
results of Fig. 2. Aswell, the filament speed increases with the input
power magnitude. This is consistent with the previous results, where
the spreading speed of a large current filament (i.e. speed of
homogenization of current flow along the device width) under high
current stress (/5>1A) was found to increase with dissipated power
[12,13].

The voltage waveform related to "Mode 2" is shown in Fig. 12.
During the time the filament moves toward the opposite side the
voltage is nearly constant. As the filament reaches and stays at the
corner, the voltage starts to increase. This is due to a temperature
increase in the filament. The above results are consistent with the
behavior of Urt) related to the simple filament (Figs. 2 and 5),
therefore the same explanation can be applied.

Very rarely (occurrence probability 5%), the Mode 1 can change
to Mode 2. The filament stays in one device half until some 300 ns -
350 ns and then it starts to move toward the opposite corner. The
voltage waveform related to this mode is shown in Fig. 12 (see curve
"Mode 12"). During the time the filament stays at one device half the
voltage increases. When the filament passes to another device half
(i.e. transition to cooler region), the voltage abruptly decreases and
remains nearly constant while the filament moves. This is similar to
the previously mentioned results. This also suggests that a potential
barrier in the device center exists for the passage of current from one



device half to another. The existence of such a barrier would explain
why the current can stay in one device half for longtimein Mode 1.
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FIGURE 12. Three typical U(t) waveforms which corresponds to
particular filament modes (Modes 1 and 2 are dominant, and Mode
12 is rare).
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FIGURE 13. Scatter plot of IV curve at time (a) t=350ns and (b)
t=450ns after the beginning of stress pulse in the npn device. Twenty
measurements are performed for each stress level. The voltage
values "cluster" in branches (marked by ovals) which corresponds to
different filament "travelling" modes.

We hypothesize that fluctuations in current density/carrier
concentration in the first moment of device triggering (i.e. at the
pulse risetime) determines which filament mode realizes. If the
device triggers at the corner, Mode 2 redlizes. If the device triggers
closer to the middle, but still near the corner, mode 1 or 12 redlizes.
The initial current distribution results in a particular initial
temperature profile in the device, which then may control the current
flow modes at later times.

Fig. 13 shows a scatter plot of the IV curves plotted at 1=350ns
and r=450ns after the pulse begin. The variations in the filament
mode (so variations in Ut)) from pulse to pulse result in the
scattering of the IV data points and their clustering according to their
statistical weights. The clustered data form branches (marked by
ovals) inthe IV curves, which are related to specific filament modes.
So the scattering and clustering in the 1V indicates that the device
exhibits physically different internal behavior from pulse to pulse.

CONCLUSIONS

Strongly localized moving current filaments have been found in
ESD PDs at low stress levels. Each filament "travelling mode”
produces a unique fingerprint on the U(z) curve. The decrease in
voltage occurs when the filament approaches a region with higher
impact ionization rate (e.g. terminations) or when it passes from a hot
region into a cooler region. The voltage increase is attributed to an
increase of temperature at the filament position. It occurs typically
when the filament does not move, eg. a the corner. A constant
voltage during the current pulse is typically observed when the
filament moves. This is due to a stabilizing effect of filament
movement on its temperature.

The voltage variations due to filament dynamics cause particular
temporal variations in device IV curves. Moreover, when pulse to
pulse variations in filament "travelling mode" exist, severa branches
may appear in IV curves. This IV pattern can evolve with time, due
to filament movement.

We propose to measure 1V curves by averaging the voltage
waveform only in a limited time interval. Several pulses should be
applied for the same stress level and the data have to be plotted point
by point. This allows the identification of possible pattern in the IV
curves, which could indicate a complex device behavior. Even if in
the present devices the current filamentation at low amplitude stress
has no influence on their ESD robustness (>8kV Human Body
Model), the proposed 1V analysis may be important at the early stage
of device development. The electrical characterization alone may
aready revea the existence of different "triggering” or filament
modes, which may be related to a particular failure mode. The above
IV analysis may aso be applied to multifinger devices, where the
voltage variations or clustering would indicate a complex and
unstable current flow over or between single fingers.
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