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Abstract—This study explores impact of layer scheme and thick-
nesses in Ti-Al(Cu) backend-stack variants of smart-power inte-
grated circuits on reliability under repetitive power pulsing oper-
ation. We investigate the robustness of output driver stages with 
accelerated end-of-life testing and discuss lifetime modelling to 
derive design guidelines, e.g. for valve drivers in automotive ap-
plication. Three backend-stack variants of different AlCu film 
thickness and Ti/TiN barrier-layer scheme are compared. The 
highest robustness in terms of time to failure is obtained using a 
stack of thin AlCu metal layers formed by a non-reactive Ti/TiN 
stack. Respective aging mechanism is explored by failure analysis 
and the trade-off with current density capability of the backend-
stack is discussed. 

Index Terms—power transistors, active cycling, reliability, accel-
erated aging, titanium compounds 

I. INTRODUCTION

While usage of full-copper backend-of-line (BEOL) config-
uration with low-k dielectrics is established for advanced node 
integrated circuit (IC) technology, the classical aluminum met-
allization system still finds broad usage in smart-power designs 
for automotive and industrial applications. Typically integrated 
with a highly conductive top copper layer, here the AlCu met-
allization stack has to provide elevated current and voltage ca-
pability for harsh mission profiles of the product while high fre-
quency performance is not critical. Transition to full-Cu BEOL 
and assessment of benefits vs. integration costs and reliability 
challenges is matter of current development activities [1], [2], 
[3]. In particular, usage of integrated power stages as low-side 
switches to control inductive loads, e.g. magnetic valves, repre-
sents a very harsh application mode for the BEOL in automo-
tive ICs [4]. Here the power stage has to dissipate the induced 
power during switch-off, leading to a pronounced short increase 
of local device temperature for each switching cycle (fig. 1), so 
called repetitive power cycling (RPP) operation. For discrete 
power devices, these thermomechanical stress cycles lead to 
pronounced aging of the usually thick top aluminum metal layer 
itself [5]. In comparison, for smart-power IC products addi-
tional failure channels exist: The strong temporary lateral tem-
perature gradient induced from the RPP stress cycle leads to se-
vere mechanical stress on the IC backend structures due to the 
mismatch of CTE of aluminum or copper metals and dielectrics 

which may cause degradation and IC failure in respective ap-
plications [6]. The challenge for IC design is to guarantee safe 
operating life for a given mission profile which may involve 
billions of cycles [4] with minimized consumption of silicon 
area. Thus for a given IC technology a dedicated RPP charac-
terization activity to assess BEOL robustness against RPP stress 
is needed. Previous works have described the failure mecha-
nism in BEOL and proposed an aging model based on Coffin-
Manson approach [7], [8], identified the influence of AlCu thin 
layer thickness in experiment and simulation [6], [9], compared 
AlCu BEOL robustness with dual damascene copper BEOL 
stack [3], and proposed optimized device design and control 
schemes to reduce RPP stress [10], [11]. 

Figure 1.  Power stage (DMOS) used as low-side switch in clamped inductive 
switching configuration. Right: Sketch of drain voltage (blue line), current 
(black line), and hot-spot temperature (red-dashed line) of the power stage 
versus time for a switching cycle. 

Mainly based on an empirical end-of-life (EoL) test ap-
proach we investigate and model RPP-robustness of Ti-Al(Cu) 
BEOL variants for smart-power ICs using dedicated test struc-
tures. In particular, we study the influence of AlCu layer thick-
ness and Ti/TiN barrier-layer scheme, since the latter has not 
been addressed in previous works. In the context of smart-
power applications, additionally we discuss the trade-off be-
tween RPP robustness with current density capability. 

II. TEST STRUCTURE DESIGN AND BEOL LAYER SCHEME 

VARIATION

The test structures have been derived from application-near 
designs of 40V and 60V nLDMOS output driver stages in cur-
rent Bipolar-CMOS-DMOS (BCD) technology. A planarized 
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AlCu metal stack with tungsten plugs and top-Cu power rout-
ing distributes the power pulses to drain and source region of 
the typically 0.5mm2 large power stage. Thickness of AlCu 
layers is in the range from 400nm to 900nm. Similar test de-
vices (DUTs) have been processed with different BEOL vari-
ants, such that we can compare RPP robustness of BEOL layer 
scheme without layout design influence. In a typical clamped 
inductive switching configuration, every test structure contains 
beside the main driver a chain of Zener-diodes between drain 
and gate to limit drain-source voltage VDS and to control gate 
voltage during power pulse automatically (see fig. 1). Within 
this VDS-clamp, the DUT operates at a point of high power dis-
sipation. To draw off gate charge after the power pulse, a pull-
down resistor between gate and source is included, too. Op-
tionally the structures also contain up to four tightly embedded 
NPN-type temperature sensors used to measure transient tem-
perature locally in the active area during the pulse event [12] 
(comp. fig. 2a). 

To analyze local current density, power density and tem-
perature distribution in the metal routing of the power stage, 
we execute electrothermal simulations using the electrother- 

Figure 2.  DUT overview and electrothermal simulation results for a 
rectangular power pulse: (a) Top view of the dedicated test structure based on 
a nLDMOS with overall device size of typically 0.5mm2 and two big Cu-plates 
distributing power to drain and source fingers. Crossmarks indicate position of 
embedded temperature sensors. The green lines indicate the two FIB cuts for 
cross section analysis (section IV). (b) Simulated temperature distribution at   
t = 0.5ms at active silicon surface (comp. (c)). The inset shows image of typical 
failure signature after RPP EoL test. (c) Simulated temperature curve at active 
silicon surface in the center of nLDMOS area, ΔT = 350K. (d) Simulation of 
the lateral current distribution of the uppermost AlCu metal level at t = 0.5ms. 

mal solver ETHAN from Silicon Frontline Technology Inc [13] 
(comp. fig. 2b-d). It allows a self-consistent transient solution 
of the current flow in the multi-finger metal stack and power 
dissipation in the active area of the power stage based on local 
device operation point and temperature. The thermal boundary 
conditions of the simulator as well as the temperature sensor 
readouts were calibrated before under well-known test condi-
tions [14]. We can thus transfer thermal stress conditions, i.e. 
resulting peak temperature and temperature distribution, to test 
structures without temperature sensor, e.g. power stages of 
given products. 

For the results discussed here, RPP end-of-life (EoL) trials 
have been executed applying rectangular power pulses to the 
DUTs. Those are practically much easier to control compared 
to using real inductive or dedicated electronic loads to generate 
triangular pulses like in application [15], [16]. With respect to 
peak temperature for each event and for RPP lifetime results, 
we have observed good agreement for both pulse shapes when 
mapping the energy and length of the rectangular power pulses 
to the triangular ones. Stress tests have been done both using 
packaged devices for long running trials and tests on wafer level 
for highly accelerated tests [14]. For the latter we use a Keithley 
2430 1kW pulsed mode SourceMeter within an automated 
setup on a semiautomatic probe station, delivering bursts of 
millisecond rectangular power pulses of typically 0.5ms length 
and 100Hz pulse period at ambient temperature 25°C if not 
stated otherwise. For failure detection, the VDS leakage in off-
state and VDS-value under pulsing is monitored. 

Three AlCu BEOL variants A, B, and C have been investi-
gated, which are related to current smart-power technology re-
quirements for automotive mission profile with high tempera-
ture operation. The thin metal stack has to provide both densely 
routing capability for low-voltage digital part of IC and to sup-
port low-resistive routing for integrated driver stages between 
active device array and top power metal for up to several amps. 
Reduced current density to improve lifetime with respect to 
electromigration (EM) limits can be obtained by using multiple 
thin metal layers in shunted configuration or by increasing the 
layer thickness of the upper layers in the AlCu stack. Addition-
ally it is known that EM robustness of AlCu layers of given 
thickness itself can be improved by the Ti/TiN barrier-layer 
scheme [17], [18]. 

The variants A, B, and C reflect these options for the AlCu 
BEOL stack (see fig. 3): As reference, we tested a stack A with 
a thicker uppermost AlCu metal level compared to the lower 
ones. For the variant B, in comparison, prominently the upper-
most AlCu metal layer thickness has been reduced. To improve 
process stability and adhesion between the applied layers, addi-
tional Ti and TiN layers were implemented, too. The third var-
iant C uses nominally equal AlCu metal thickness as B but here 
the AlCu layers are directly embedded in thicker bottom and 
top Ti layers. After an annealing step during process flow, this 
configuration results in the formation of a TiAl3 coat, whereby 
the AlCu core cross section of the metal level is reduced 
slightly. Because of alloy formation during annealing step, 
which is done after every metal level deposition, this Ti/TiN-Al 
configuration is also called reactive stack instead of the non-
reactive stack of variant B. The reactive Ti/TiN layer approach 
is known to enhance EM robustness and thus current capability  
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Figure 3.  Schematic comparison of deposited material layer sequences 
before annealing for the metal levels M1 - MX (MX: uppermost thin metal 
level) of the three BEOL stacks. Thickness of main AlCu film is scaled 0.1x 
compared to barriers. 

for variant C compared to variant B for similar layer thickness. 
In this regard, stack A may be called half-reactive, having a 
relatively thin lower Ti layer directly below the main AlCu 
film. 

III. RPP ROBUSTNESS COMPARISON

The RPP EoL test results for our reference BEOL stack A 
are shown in fig. 4. As stress variables generally the pulse 
power, pulse length, and the basis junction temperature Tj may 
be varied. For fixed pulse length, a higher pulse power corre-
sponds to a higher thermal swing ΔT per pulse. Fig. 4a shows 
test results at Tj = 75°C for three different ΔT analyzed with 
Weibull failure distribution. The mean number of pulses to fail-
ure Nf (t63%) increases strongly with decreasing ΔT, the values 
of Weibull slope are in the range of 3 to 7. For all the trials 
reported DUT failure occurs spontaneous as a (catastrophic) 
short in the metal routing stack of the drivers, which we con-
firmed by failure analysis. For the DUTs of the given technol-
ogy, no relevant parameter drift is detectable before failure. 

For the EoL data of stack A we find that mean RPP lifetime 
Nf can be modeled for a wide range of Tj and ΔT with a modi-
fied Coffin-Manson (CM) model based on the Norris-Lan-
dzberg-ansatz [19]: 

ܰ ൌ ܣ ∙ ሺ∆ܶሻି ∙ ݔ݁ ቆ ாೌ್ቀ்ೕା∆మ ቁቇ (1) 

with technology-related constant A, CM-exponent n, and acti-
vation energy Ea. Fig. 4b shows the model fit together with the 
EoL data for a subset of trials, where error bars relate to uncer-
tainty in the experimental thermal conditions on wafer and 
package level and to the width of the Weibull distribution, re-
spectively. For the CM exponent and the activation energy we 
obtain values of n ~ 7 and Ea ~ 0.5eV. 

Generally, we would expect the simplified empirical CM 
model to hold for the low-cycle regime of RPP stress at very 
high ΔT per pulse. In this case, the strong lateral temperature 

Figure 4.  RPP EoL results for backend variant A: (a) Weibull distributions 
for trials at junction temperature Tj = 75°C with varied thermal swing ΔT. (b) 
Double logarithmic CM chart: The points indicate the mean RPP lifetime of a 
representative group of dedicated test structures at different basis junction 
temperatures. The lines represent the adapted modified CM model. 

gradient across the driver stage (comp. fig. 2b) leads to a degree 
of stress on the IC backend structure due to the mismatch in 
CTE of metals and dielectrics, which is assumed to exceed the 
(temperature dependent [20]) yield point of the metal layers. 
Such, each cycle can accumulate a viscoplastic deformation of 
the metal and ultimately, stress on dielectrics may exceed criti-
cal limits. Then DUT failure occurs indicated by an electrical 
detectable leakage path or even short in the drain/source metal 
path of the driver, which was confirmed by failure analysis. The 
high value n = 7 found for the CM exponent, fits into this pic-
ture, indicating a brittle material fatigue [21]. 

For the BEOL stack A, however, we find the CM-trend to 
hold over almost five orders of magnitude in RPP lifetime, alt-
hough Weibull slope becomes slightly lower for the longer life-
time trials. Considering also influence of Tj and pulse length 
this allows straightforward derivation of design guidelines for 
different RPP mission profiles, e.g. for anti-lock braking sys-
tems or injection valve drivers. In addition, we can use highly 
accelerated trials in a meaningful manner to give feedback on 
RPP robustness and integrity of BEOL, even on wafer [14]. 

The influence of the variation in backend-stack B and C 
compared to A, we investigated in the low-cycle regime as well: 
Fig. 5a shows the thermal swing per pulse needed to reach EoL 
for a fixed condition of roughly 1M pulses to failure for the 
three stack variants, with Tj = 25°C. Compared to our reference 
stack A, where ΔT ~ 200K leads to mean lifetime of 1M pulses, 
both for stack B and stack C a much higher thermomechanical 
load is needed for devices to fail after approx. 1M pulses. 
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Figure 5.  (a) Minimal amount of thermal swing ΔT per pulse for the three 
BEOL stack variants, necessary to reach similar mean number of pulses to 
failure (#PtF) in RPP test. (b) Weibull distribution of representative trials of 
stack B and C in the range of the reference #PtF. 

In particular, variant B is capable to endure power pulses 
with ΔΤ ∼ 340K and peak temperature of ~370K. We note that 
this high peak temperature is well inside the electrothermal save 
operating area of the device, as known from measurements and 
simulation (see fig. 2), such that the trials still address RPP 
wearout of the drivers BEOL. Failure distribution of a respec-
tive trial is shown in fig. 5b exhibiting a Weibull slope of 5 in 
good agreement to the trials of stack A. For stack B again we 
find a CM-trend to hold with CM-exponent in the range of 8. 

As described in the previous section, compare fig. 3, the 
three stacks vary in the thicknesses of the main AlCu layers and 
in the Ti/TiN barrier scheme yielding the reactive or non-reac-
tive stack. The substantially lower robustness of stack A under 
RPP stress we attribute mainly to the higher thickness of upper-
most AlCu layer, i.e. the layer below the top copper routing 
layer. Smorodin et al. used nanoindentation measurements to 
show that critical yield stress and hardening behavior of Al thin 
films increases significantly for decreasing thin film thickness 
and demonstrated beneficial effect of additional internal TiN 
barriers on RPP robustness of thick Al metals [22]. For our 
stack variant A, thus the uppermost thicker AlCu metal layer 
forms a weak link for the thermomechanical robustness of the 
whole BEOL. 

Although stack C still performs better than stack A, obvi-
ously the reactive Ti-Al stack has a detrimental effect on the 
thermomechanical robustness of the BEOL stack. The corre-
sponding thermal swing to reach mean EoL after 1M pulses is 
in the range of 250K, about 25% lower than stack B. For stack 
B, too, mean RPP lifetime increases with decreasing ΔT. How-
ever, for stress with ΔT ~ 270K and below the behavior of the 
DUTs with BEOL variant C apparently changes, compare fig. 
5b: For the trial with ΔT = 280K again EoL occurs with quite 
steep Weibull slope ~5. But for slightly reduced pulse power 
EoL distribution becomes more widely distributed, and for 

these trials several DUTs have been suspended without failure 
after 10M power pulses. Although we still have to validate this 
trend by further trials at lower stress level, the failure mecha-
nism seems to change for stack B when staying below a thermal 
swing of 270K or peak temperature below 300°C, respectively. 
Small sample to sample variation like, e.g., the effective VDS-
clamp voltage of Zener-diode stack, might lead to observed be-
havior of either early failure or much higher endurance times of 
the samples. Based on failure analysis we discuss possible root-
cause for the effect of reactive stack in the next section. 

IV. FAILURE ANALYSIS AND DISCUSSION 

By failure analysis samples of BEOL reactive stack vari-
ant C have been studied in comparison to non-reactive stack B 
to clarify reasons for the weaker robustness found for the reac-
tive stack. A set of DUTs for each stack type has been prepared 
at different lifetime states for cross section analysis with a focus 
ion beam (FIB) system. Unless otherwise stated, the scanning 
electron microscopy (SEM) images discussed in the following 
show the FIB cut (1) indicated in fig. 2a. We concentrate on the 
upper AlCu metals close to the thick top-metal. Here previous 
experiments and simulations show the largest thermomechani-
cal stress effects [3], [11] and worst degradation is expected. 

Based on the known mean number of pulses to failure 
(#PtF) from Weibull distribution we stressed the DUTs with 
pulses of ΔT = 280K (Tmax ~ 310°C) and stopped the tests at 
increasing nominal lifetime state of 0% #PtF (fresh device), 
~40% #PtF, ~75% #PtF, and 100% #PtF (failed device). Be-
cause of the greater RPP robustness of the non-reactive stack B, 
respective DUTs withstand approx. 10x more pulses compared 
to those of stack C for same nominal lifetime state. 

For reference, the images (I.nr) and (I.r) in fig. 6 upper row 
show the metal levels of a fresh device before RPP stress. Com-
pared to the non-reactive stack (I.nr), the metal lines of the re-
active stack (I.r) indicate a strong formation of TiAl3 grains, 
formed due to an annealing step after every metal level deposi-
tion. For the uppermost Al layer the TiAl3 grains form on the 
lower surface, only, because here upper interface uses no Ti in-
terlayer. The grains extend up to 200nm and protrude clearly 
into the metal layer due to aluminum consummation during an-
nealing. 

The following images in fig. 6 row II to III have been taken 
on samples after RPP stress. Generally, for both stacks we see 
a high structural robustness against fast thermal cycling. Apart 
from voids observed in the uppermost metal layer (see discus-
sion below), we cannot detect systematic changes in the thick-
ness of the metals or delamination/cracks of the interfaces be-
tween AlCu-film, barrier-layers, dielectrics, or tungsten plugs. 
For comparison, a significant local thickness increase as a result 
from RPP stress we see for the uppermost thicker AlCu layer of 
stack A (not shown), and this is observed in previous works, too 
[6]. Here the thinner metals of stack B and C for the given lay-
out configuration do not show this obvious permanent defor-
mation in spite of high thermal swing. Integrity of tungsten via 
arrays is completely unaffected as well, so catastrophic damage 
observed by Zhang et al. for kelvin-via structures [23] is un-
likely to occur for our driver stages. Note that the images in   
row III taken at DUTs after failure by drain-source short in met-
als do not correspond to the failure site of the DUTs itself. 
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The behavior of Ti/TiN-Al film system under RPP stress 
becomes visible when comparing images for stack B and C in 
fig. 6: For DUTs with a stress load of 40% (II.nr) and 50% #PtF 
(II.r), respectively, a drift of TiAl3 grains through the AlCu film 
is observed. In case of the reactive stack, the TiAl3 grains be-
come more widely distributed but smaller, whereas for the non-
reactive stack the grains keep their size and number. Ultimately, 
for a failed DUT of stack C, fig. 6 image III.r, the TiAl3 grains 
are out-diffused widely connecting the top and bottom TiAl3 
coat of the metal level, in particular observable for the lower 
metal layer shown in the image. 

Figure 6.  SEM images of cross sections of the upper part of the aluminum 
stack of four DUTs of BEOL variant B (left col 'nr') and C (right col 'r'). 
Relative stress load w.r.t. mean #PtF is indicated in the lower right corner of 
the image. The cross sections in row I to III are images of FIB cut (1) (comp. 
fig. 2a) and row IV contains images of FIB cut (2). 

The images fig. 6, row I to III, discussed so far, show cross 
sections at the position of FIB cut (1), made close to the center 
of the power stage structure. Here both temperature and current 
density in the lower metal levels reach the highest values, com-
pare fig. 2. For comparison in fig. 6 row IV two cross sections 
for non-reactive and reactive stack with medium stress load 
level (40% and 75% #PtF) are shown taken at position of FIB 
cut (2), between power stage center and edge (see fig. 2a). At 
this position, lateral temperature gradient is largest while cur-
rent density in the lower metal levels is less than 40% compared 
to center position. The general observations, i.e. good integrity 
of interfaces and unchanged metal thickness, hold for the 
stressed BEOL stacks at this position as well. In comparison to 
the previous images, however, we find significant voids formed 
in the lower thin AlCu metal level. 

As driving mechanism for formation of these voids, gener-
ally both EM and migration due to the thermomechanical stress 
from RPP operation may be considered. In particular, a high 
lateral thermal gradient may lead to material migration and cor-
relation of RPP failure sites with those positions has been re-
ported [6], [11]. For the present structures, we attribute the 
voids to EM effects for the following reason: Voids are present 
in the metal MX fingers (comp. fig. 3) at position cut (2) which 
are connected through top-vias to the power metal. Directly 
neighboring metal lines with the comparable thermomechanical 
stress load but without top-via contacts do not form such voids. 
So local current source/sink at top via connection most proba-
bly lead to voiding in the MX layer, while lateral current flow 
alone, even at position of cut (1) with higher temperature and 
current density, does not lead to pronounced EM effects for our 
cumulated load from stress trials. 

In our context we have to make sure, that device failure oc-
curs through aging under RPP stress and EM effects -if rele-
vant- are not lifetime limiting. Here EM and in particular 
buildup of metal voids prominently in MX we do not consider 
to be relevant for EoL in our trials, since: -a- failure sites do not 
correlate to observed voiding effects, -b- images IV.nr and IV.r 
show comparable voiding but the samples with non-reactive 
stack exhibit almost 10x RPP lifetime, and -c- RPP EoL 
changes with CM-exponent larger 5. The last point implies that 
a small, e.g. 20%, change in current value giving a roughly pro-
portional change in ΔT leads to a large change in RPP lifetime, 
which is not expected from Black’s equation alone. 

In summary, we find a detrimental effect of the TiAl3 grains 
-present when using a reactive stack- on the thermomechanical 
robustness of the AlCu BEOL for fast thermal cycling with high 
temperature excursion. Instability of the Ti-Al alloy has been 
observed in pulsed EM test as well leading to a pronounced ef-
fect on sheet resistance [24]. In our case, the high temperature 
excursion together with connected stress gradients may lead to 
a pronounced drift of the grains through the AlCu film. These 
structural changes are also observed for metal lines present in 
the power stage routing without actual current load, so again 
EM effects can be excluded. We suppose that the TiAl3 grain 
drift leads to additional mechanical stress on AlCu grain inter-
faces of the bamboo structure. Thereby the mechanical and 
electrical material properties are changed locally leading to 
weak spots, which may initiate or accelerate, respectively, a cat-
astrophic crack in dielectric leading to a short in the metalliza-
tion system. 
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V. CONCLUSIONS 

The thermomechanical robustness of the AlCu smart- 
power backend is not only determined by the dimensions of 
metal layers and the associated yield stress (basically given by 
the general corresponding technology node), it is also deci-
sively influenced by the detailed Ti-Al(Cu) backend layer se-
quence, generating a reactive or non-reactive stack. For our 
half-reactive reference stack including a thicker uppermost 
AlCu layer we can model RPP-aging over five orders of mag-
nitude in lifetime by an extended Coffin-Manson approach, al-
lowing straightforward derivation of design guidelines for dif-
ferent RPP mission profiles. For the two additional BEOL var-
iants with lower AlCu thickness this model applies too, yielding 
higher lifetime, but this trend has to be confirmed by trials with 
higher pulse number. Stressed under accelerated conditions, the 
test samples of reactive stack show lower lifetime compared to 
non-reactive stack and a drift of TiAl3 grains through the AlCu 
film is observed in failure analysis as the only relevant finding 
different to the two stacks. We attribute this effect to be respon-
sible for the lower robustness of a reactive stack under RPP 
stress. In summary, the highest RPP robustness is obtained us-
ing a stack of thin AlCu metal layers formed by a non-reactive 
stack. Considering current capability with respect to EM life-
time limits this is the weakest option, and such a BEOL stack 
might indeed hamper realization of output drivers in smart-
power applications, if usage of additional lower metal layers for 
routing shall be avoided. 
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