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ABSTFWCT

Thermal modeling and simulations were used to analyze the thermal profiles of a

polysilicon-metal test structure generated by thermally-induced voltage alteration (TIVA), a new

laser-based failure analysis technique to localize shorted interconnects. The results show that

variations in’TIVA thermal profiles are due mainly to preferential laser absorption in various

locations in the test structure. Differences in oxide thickness also affect the local heat conduction
.

and temperature distribution. Modeling results also show that local variation in heat conduction

is less important than the absorbed laser power in determining the local temperatures since our

test structure has feature sizes that are small compared to the”length over which heat spreads.
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I. INTRODUCTION

Thermally-induced voltage alteration (TIVA) [1] is a new

technique that localizes shorted interconnects in integrated circuits

infrared laser (L

resistance of the

entire IC is used

laser-based ftilure analysis

(ICs). In TIVA, a focused

= 1.3 pm) locally heats the IC structures. The localized heating changes the

structures. The effect ‘of this resistance change on the power demand of the

to produce a TIVA image. A constant current biasing method [2,3] is used to

increase the detection sensitivity. Since silicon is relatively transparent at infrared wavelengths,

TIVA can probe ICS from the fiontside of the die through the passivation layer or from the

backside of the die through the silicon substrate.

A polysilicon-metal test structure (described in the next section) was intended as a

reference sample to ensure that the TIVA system fimctioned

detection sensitivity. Complex TIVA thermal profiles were,

properly and to determine

however, observed in this

structure. These thermal profiles varied depending on the geometric configurations of the

the

test

test

structure such as the variation of interlevel silicon dioxide (Si02) thickness. Thermal profiles

also differed depending on whether the infrared laser probed the test structure from the fiontside

or backside of the die. Theoretical thermal modeling and simulations were done to understand

the complexity in these profiles.

Thermal simulations of the

finite difference model. A 3-dimensional mesh and temperature-independent material

TIVA test structure geometries were done with a numerical

properties

were used to describe the thermal geometry. Steady-state temperature solutions were calculated

with a commercial finite difference solver. Thermal profiles were calculated for several areas in

the test structure to simulate the small-area heating during the laser scan over the test structure.

2

C>, -. --- .__, . .,_ -----



●

✌ I

The laser scan rate was sui%ciently slow in TIVA measurements that the steady-state solutions

accurately represented the scanning process.

II. EXPERIMENTAL PROCEDURES

All TIVA measurements were done in a laser scanning microscope (LSM) system. A

diode-pumped, 1319-nm, 430-mW, continuous-wave Nd:YAG laser was coupled to the LSM and

used as the illumination source. A germanium diode photo-detector detected the reflected laser

from the sample and these reflected signals were used to produce optical images. A Keithley 236

or 238 source measurement unit provided the constant-current electrical stimulus to ICS. An

Ithaco 1201B voltage amplifier, operated in the at-coupled mode, detected voltage variation in

the power supply demand, V~~. As the focused laser beam scanned across the test structure,

variation in V~~ due to laser heating was used to make TIVA images. Typical scan times were 4

to 8 seconds per flame. Line averaging of 4 to 8 lines was also used to improve the signal-to-

noise ratio in TIVA images.

An optical image of the test structure is shown in Figure 1. The test structure consists of

two heavily doped polysilicon lines that are 4 pm wide and 4 pm apart. Each polysilicon line is

electrically connected in a serpentine pattern. Over 90 0/0 of one polysilicon line is insulated from

the silicon substrate by a 0.5-pm thick SiOz layer with the rest of the line insulated by a 200-~

thick SiOz layer. Over 90 ‘Yo of the other polysilicon line is insulated by a 200-~ thick SiOz layer

with the rest of the line insulated by a 0.5-pm thick SiOz layer. A 0.5-pm thick SiOz layer

overlays these two polysilicon lines. On top of this oxide layer are two aluminum lines that are 4

pm wide ~and4 pm apart. The aluminum lines are orthogonal to the polysilicon lines. Each
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aluminum line is also connected in a serpentine fashion. A l-pm thick SiOz passivation layer

overlays these aluminum lines. Focused ion beam (FIB) cross sections of this polysilicon-metal

test structure are shown in Figures 2 and 3.

The test structure was mouhted on a dual inline package ‘(DIP). Frontside measurements

focused the scanned laser beam through the l-pm thick SiOz passivation layer onto either the

aluminum or polysilicon lines. The backside of the DIP package was mechanically ground and

polished to allow optical access’from the back of the die. The laser beam was focused through

the 500-pm thick silicon substrate onto either the polysilicon or aluminum lines.

Either the aluminum or polysilicon lines were biased with a Keithley 236 or 238 in a

constant current configuration. The resistance of the aluminum line was -30 Q and the typical

current and voltage during TIVA measurements were 50 mA and 1.5 V. The resistance of the

polysilicon line was - 17000 Q and typical current and voltage were 0.8 mA and 13.6 V. As the

focused laser beam scanned across the test structure, temperature increased due to localized laser

heating. The heating increased the resistance of the aluminum or polysilicon lines and the TIVA

image was formed by measuring the ac coupled vaniation in the power supply voltage (V~~). The

polarity of the voltage amplifier was set up such that the darkest area in the TIVA images

indicated the largest resistance rise, indicating the largest change in temperature.

III. THERMAL MODELING AND SIMULATIONS

Thermal profiles of the test

simulated with a commercial finite

structure resulting fi-om the small-area laser heating were

difference solver [4]. The 3-dimensional steady state heat

transfer equation was solved subject to the boundary conditions. The solver worked in an

interactive visual environment to generate a mesh geometry. This mesh geometry, coupled with
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specified material conductivity properties, heat inputs, and boundary conditions gave a detailed

description of temperatures within the test structure. A model was constructed with brick

elements describing the material shapes of the test structure. The brick elements with orthogonal

edges had their heat transfer described by twelve internode thermal resistance, Rr RJ can be

written as .

where Axuis the spacing between nodes i and~, k is the thermal conductivity and Aij is the cross

sectional area of the brick element. When the brick elements had angles other than 90 degrees

or when anisotropic material properties were used, additional diagonal resistances between the

nodes were added. Heat inputs and fixed temperature boundary conditions were then assigned to

specific nodes. Temperature was solved iteratively at each unconstrained node with the finite

difference solving routine. A steady-state solution was determined using,

Tui=l’’i”(l-p)+p”

where ~,~is the updated temperature for ?’ node and is related to the previous temperature, Tti f)

(typically 1.5- 1.9) is a parameter selected to optimize convergence of the solution. Q, is the

heat input to the node. ~,i is iterated until the solution converges to generqte a maximum AT

below some convergence criteria, typically 104 “C. This ftite difference method was efficient

and converged to give solutions for 25,000 brick elements in about 20 seconds on a 300-MHz

Window-based PC computer.
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A model composed of brick elements 1 x 1 pm in surface area and varying thickness was

used to simulate the temperatures in areas A, B, C, and D of the test structure shown in Figure 2.

In this model, aluminum and polysilicon lines were set to be 4 pm wide, 1

planarized geometry. In area A, 0.5-pm thick oxide layers were used

polysilicon lines. In area C, 0.5-pm and 200-~ thick oxide layers were

pm thick, and in a non

above and below the

used above and below

the polysilicon

used under the

line respectively. In areas B and D, l-pm and 0.5-pm thick oxide layers were

aluminum in the region between polysilicon lines respectively. A 24 x 64 ~m

segment of the test structure on a 17 pm thick layer of silicon

model. The back face of the substrate was maintained at the base

input to a 1 x 1 pm area on the lower surface of the aluminum

substrate was also used in the

temperature of 25”C. Heat was

line to simulate backside laser

heating. Additional heat was added to the polysilicon lines to simulate laser absorption in these

lines. A plane normal to the die surface and aligned with the center of one of the aluminum lines

was used to display the simulated temperature profiles.

A thermal conductivity value of 1.48 W/cm-°C was used for the silicon substrate and

polysilicon lines [5]. A value of 1.06 W/cm-°C was used for aluminum. The aluminum value

was about 30°/0below that for bulk aluminum listed in reference 5, but was selected to match the

measured electrical conductivity of aluminum lines in the test structure. A thermal conductivity

value of 0.011 W/cm-°C was used for thin oxide films [6]. All thermal conductivity values were

assumed constant with temperature. Convection and radiation were not included in the

simulations and thermal profiles were calculated based solely on thermal conduction.
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IV.

Areas

RESULTS AND DISCUSSIONS

Figure 4 shows the backside TIVA image of a biased aluminum line in the test structure.

A, B, C, and D in Figure 4 correspond to the same areas shown in Figure 2. Area A has a

polysilicon conductor placed directly beneath the aluminum line and shows the strongest TIVA

constrast (darkest area). The polysilicon line in this area is insulated from the silicon substrate

by a 0.5-pm thick SiOz layer. The physical structure in area B is similar to area A except there

are no polysilicon conductor beneath the aluminum lines. The polysilicon conductor in area C is

directly beneath the aluminum, but the polysilicon is insulated from the silicon substrate by a

200-~ silicon dioxide layer. Area D is similar to area C except there is no polysilicon conductor

underneath the aluminum line. The bright bands at the right of the dark TIVA signals in Fig. 4

are amplifier artifacts due to the overshoot of amplifier response

temperature change in the structures.

and are not related to any

Thermal simulations were performed to help explain the backside TIVA image of the

aluminum line in Figure 4. Initially, absorption in both the polysilicon conductors and silicon

substrate was assumed to be negligible. Since aluminum is highly reflective at infrared

wavelengths [7], 97 0/0of the laser beam was assumed to reflect from the aluminum and only 3 0/0

of the laser power (- 0.6 mW out of the total laser power of 20 mw) was absorbed by the

aluminum line in a 1 pm2 area. The simulation results in Figure 5 show the temperature profiles

on a plane cutting normal to the die surface and aligning with the center of aluminum line. The

peak temperatures for areas A and B were 31. 19°C and 31.24°C respectively assuming the base

temperature on the die to be 25”C. This small difference in peak temperatures with position of

the heat input was a result of heat spreading along the aluminum lines over an area that was
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much larger than the scale of the test pattern. The heat spreading distance was at least 3 times

larger than the width of the aluminum line (Figure 5). The location of the laser probe beam

relative to line geometry, therefore, did not afllect the peak temperature.

This lack of temperature variation with beam location in Figure 5, assuming constant

power absorption at areas A and B, was inconsistent with TIVA data in Figure 4. Therefore, the

model was improved to include laser absorption by the polysilicon beneath the metal. The

absorption coefilcient of polysilicon at 1.3 ~m was determined from Figure 6, a plot of

absorption coefficient versus resistivity for several reference silicon wafers. The absorption

coefficient of polysilicon was determined’ to be 530 cm-l corresponding to the measured

resistivity of 1.59x 10-3ohm-cm. This absorption coefficient indicated about 5 0/0of laser beam

was absorbed in the polysilicon as the beam was focused onto the aluminum lines in area A.

Aluminum lines are highly reflective at this wavelength and most of the incoming laser beam (97

Yo)was reflected off the aluminum surface with only about 3 % of beam energy absorbed in the

aluminum line. About 5 0/0 of the reflected laser beam was again absorbed by the polysilicon.

The total polysilicon absorption from the incoming and reflected laser beams was about 10 % of

the incoming laser intensity. In area B, there is no polysilicon beneath the aluminum line and all

absorption takes place in the aluminum.

Figure 7 shows the results of temperature calculations at areas A and B using the

improved thermal model that includes the absorbed power difference. The peak temperature at

area A was calculated to be 37.3°C relative to a base temperature on the die of 25°C in contrast

to 30.2°C at area B. Thermal modeling was also performed on areas C and D with the

underlying 200-~ thick oxide. The peak temperatures were calculated to be 30.5 and 29.5°C for
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areas C and D respectively. Thermal simulation results show that area A has the largest rise in

local temperature due to the largest absorption of laser power. This rise in temperature leads to a

significant increase in the aluminum resistance, giving the largest contrast in the TIVA image

(Tigure 4).

The difference in peak temperature between areas A and C is due to the variation in SiOz

thickness beneath the polysilicon line. To understand this difference, the temperature rise was

calculated as a fimction of the oxide thickness on a series of aluminum lines insulated from the
.

silicon substrate by a Si02 layer. The aluminum lines were 4 ~m wide, 1 pm thick, and spaced

on an 8 pm pitch. The aluminum line was heated in a 1 ~m2 area on the lower side with a laser

input of 0.6 mW. The Si02 layer thickness was varied in a series of calculations and the peak

temperature was recorded for each case (Figure 8). For thin oxides (< 0.2 pm in thickness),

there was little heat spread along the aluminum line as heat spread occurred in a direction toward

substrate; consequently, the peak temperature increased sharply with increasing oxide thickness.

For thick oxides (> 0.2 pm), there was significant heat spread along the aluminum line, resulting

in a much smaller temperature rise per unit change in oxide thickness as compared with the thin

layer.

The differences in peak temperature as a function of Si02 thickness are illustrated in

Figures 9 and 10 that show the frontside TIVA images of the biased polysilicon lines. The TIVA

signals are much stronger in Figure 9 where the polysilicon line is insulated from the silicon

substrate by a 0.5-pm thick Si02 layer and much weaker in Figure 10 where the polysilicon line

is insulated from the silicon substrate by a 200-~ thick SiOz layer. Figure 9 also shows variation

in TIVA contrast along the polysilicon line. This variation is due to preferential laser absorption,
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similar to that observed for the backside aluminum described in previous paragraphs. In area E

(Figure 3), the laser was focused onto the polysilicon line and about 5 % of laser beam was

directly absorbed by the polysilicon. In area F, the aluminum line absorbed about 3 % of the

laser beam and the polysilicon in this area was heated only indirectly through thermal conduction

from the aluminum line. These differences in laser absorption cause a more significant

temperature rise in area E than in area F, leading to stronger TIVA signals in area E.

IV. CONCLUSIONS

Thermal modeling and simulations account for the unique thermal profiles of a

polysilicon-metal test structure generated by TIVA. Variation in laser absorption is the main

factor affecting changes in local heating and temperature rise in different locations on the test

structure. Differences of oxide thickness in the test structure also al%ectthe variation of local

heat conduction and temperature. Thermal modeling shows that the local variation in heat

conduction is less important than the absorbed laser power in determining the local temperatures

because the present test structure has feature sizes that are small compared to the length over

which heat spreads. Thermal simulations provide a better understanding of the TIVA thermal

profiles and this understanding facilitates the use of TIVA technique in localizing defects within

the complex IC structures.
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FIGURE CAPTIONS

Figure 1: Low-magnification (a) and high-magnification (b) frontside optical images of the

polysilicon-metal test structure used in TIVA measurements. In areas 1 and 2, the

polysilicon is insulated from the silicon substrate by 0.5-pm thick and 200-~ thick

SiOz layers respectively.

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Focused ion beam cross-section image of the polysilicon-metal test structure along the

aluminum line. The dashed arrows indicate the areas of backside laser illumination on

the aluminum line. Local temperature rises due to laser heating in areas A, B, C, and D

are different, resulting in variation in TIVA signals along the biased aluminum line.

Focused ion beam cross-section image of the polysilicon-metal test structure along the

polysilicon line. The dashed arrows indicate the areas of fi-ontside laser illumination

on the polysilicon line. Local temperature rises due to laser heating in areas E and F

are very different, resulting in variation in TIVA signals along the biased polysilicon

line.’

Backside TIVA low-magnification

aluminum line in the polysilicon-metal test structure. Areas A, B, C, and D correspond

to the same areas shown in Figure 2.

The lattice structure (top) used in the simulation of temperature profiles at areas A and

B in the test structure. Calculated temperature profiles for the same absorbed power

(0.6 mW) on an aluminum line at area A (middle) and B (bottom) in the lattice

structure. The peak temperatures were 31. 19°C and 31.24°C for areas A and B

respectively, relative to abase die temperature of 25”C.

(a) and high-magnification (b) images of a biased
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Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure lO:

Absorption coefllcient versus resisitivity for several silicon wafers. This curve was

used to estimate the absorption coefficient of polysilicon lines in the test structure.

Calculated temperature profiles of an aluminum line at area A (top) and area B

(bottom) based on an improved model that included laser heating of the polysilicon

beneath the aluminum. The peak temperatures were 37.3°C and 30.2°C for areas A and

B respectively, relative to a base die temperature of 25°C.

Peak temperature rise on an aluminum line insulated from the silicon substrate by a

Si02 layer plotted as a fiction of the SiOz thickness.

Frontside TIVA low-magnification (a) and high-magnification (b) images of a biased
e

polysilicon line with over 90% of the line insulated from silicon substrate by a 0.5-pm

thick SiOz layer. Areas E and F correspond to the same areas shown in Figure 3.

Frontside TIVA image of a biased polysilicon line with over 90% of the line insulated

from silicon substrate by a 200-~ thick SiOz layer. Weak TIVA signals were observed

in this line except in the area where the polysilicon was insulated from the silicon

substrate by a 0.5-pm thick SiOz layer.
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