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This manual is intended solely for TEA customers in the application of the Thermal Test
Chip product described herein. The product is designed for the specific tasks detailed
herein and any use of this product in other application tasks is at the user's risk and responsibility.
©2012 by Thermal Engineering Associates, Inc. (TEA), Santa Clara, CA USA. All rights
reserved. No part of this manual may be copied or otherwise reproduced without prior
written authorization from TEA.
Thermal Test Chips are offered for use in characterizing assembly processes, packages,
materials and any other applications requiring precise control of heat flux generation and
temperature measurement. Applying the data from the test die to a functional system is
the responsibility of the user. TEA makes no warranty, expressed or implied including the
implied warranties of merchantability and fitness for a particular purpose, that the user's
system designed using that data will perform as intended by the user.
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DESCRIPTION
Thermal Test Chips (TTCs) are semiconductor devices that contain one or more welldefined heat generating elements and one or more temperature sensing element. The
heat generating element can be as simple as a resistor or as complex as a large area Bipolar Junction Transistor (BJT) or Metal Oxide Semiconductor Field Effect Transistor
(MOSFET). The resistor is the common choice because of its simplicity in use but the
transistor is best suited for very high total heat generation and for very heat flux density
generation. The temperature sensing element can be a resistor with a well-defined resistance-temperature relationship (like a thermistor or RTD (Resistive Temperaturedependent Device) or a semiconductor junction also having a well-defined Forward Voltage (VF) – Junction Temperature (TJ) relationship.
The key requirements for a thermal test chip are:
a) Maximum possible heating area relative to chip size.
b) Uniform temperature profile across heating area.
c) Low temperature coefficient for heating source.
d) Temperature sensor in center of chip.
e) Simple-to-use temperature sensor(s).
f) Multiple temperature sensors for a
temperature pro-file across chip surface.
g) Kelvin Connections (i.e., 4-wire connections) for improved measurement
accuracy.
h) Chip size that closely approximates the
chip being simulated.
The TEA TTC-1002 design meets these requirements. The thermal test chip is based on
a unit cell that has two resistors and four diode temperature sensors in each cell, as
shown in Figure 1-1. The resistors are deposited metal film resistors that have resistance
values suitable for laboratory measurements.
Each resistor is 7.6 Ohms nominal; this value
was chosen to better realize a wide power
dissipation range using normally available
laboratory power supplies. The two resistors
are laid out to occupy 86% of the available
area within the electrical contact pads, thus
conforming to the JESD51-41 85% coverage
requirement; the resistor layout is shown in
Figure 1-2. Note that each resistor has two
contacts at each end. One contact at each
end is used for the power connection while
the other contact at each end is used for
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Figure 1-1 Unit Cell Electrical Layout
(Looking down at connection pads)

Resistor #1
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Resistor #2

Figure 1-2 Resistor Coverage
(Looking down at connection pads)

1-1

DESCRIPTION
measurement; this 4-wire Kelvin Connection eliminates contact resistance problems during voltage measurements across the resistor. Compared to polysilicate heating resistors
used on other thermal test chips, this metal film version offers better resistance uniformity
a (typically 5%) cross the wafer and 2% across a 4X4 array of cells. The metal film resistors also have low resistance temperature coefficient values, typically less than
20ppm/ºC. This attribute results in relatively constant power dissipation over the course
of thermal measurements. As a consequence, it enables determining steady state conditions more easily, particularly so during natural convection conditions where it may take
up to thousands of seconds in a natural convection environment. The design recommended maximum current handing of each resistor, connection trace, and pad is 0.89A,
allowing the 7.6 resistor to dissipate up to 6W each.
In order for a thermal test chip to be useful in package thermal characterization efforts,
the chip size must closely approximate the size of the various application chips that will
used that the package. However, given the development and fabrication expenses and
the development time, it is not economically feasible to create many specific size thermal
test chips. The array approach offers the possibility of combining many unit cells in various manners that better approximate the application chip sizes. The table below shows
the various configurations possible for up to a 10 X 10 array; larger arrays are possible as
well.

1

# of Cells in Y direction

2
3
4
5
6
7
8
9
10

1
2.50 X
2.50
2.50 X
5.08
2.50 X
7.65
2.50 X
10.23
2.50 X
12.80
2.50 X
15.38
2.50 X
17.96
2.50 X
20.53
2.50 X
23.11
2.50 X
25.68

# of Cells in the X direction
2
3
4
5
6
7
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
2.50
2.50
2.50
2.50
2.50
2.50
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
5.08
5.08
5.08
5.08
5.08
5.08
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
7.65
7.65
7.65
7.65
7.65
7.65
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
10.23
10.23
10.23
10.23
10.23
10.23
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
12.80
12.80
12.80
12.80
12.80
12.80
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
15.38
15.38
15.38
15.38
15.38
15.38
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
17.96
17.96
17.96
17.96
17.96
17.96
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
20.53
20.53
20.53
20.53
20.53
20.53
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
23.11
23.11
23.11
23.11
23.11
23.11
5.08 X 7.65 X 10.23 X 12.80 X 15.38 X 17.96 X
25.68
25.68
25.68
25.68
25.68
25.68
All dimensions
Indicates square
array
in millimeters

8
20.53 X
2.50
20.53 X
5.08
20.53 X
7.65
20.53 X
10.23
20.53 X
12.80
20.53 X
15.38
20.53 X
17.96
20.53 X
20.53
20.53 X
23.11
20.53 X
25.68

9
23.11 X
2.50
23.11 X
5.08
23.11 X
7.65
23.11 X
10.23
23.11 X
12.80
23.11 X
15.38
23.11 X
17.96
23.11 X
20.53
23.11 X
23.11
23.11 X
25.68

10
25.68 X
2.50
25.68 X
5.08
25.68 X
7.65
25.68 X
10.23
25.68 X
12.80
25.68 X
15.38
25.68 X
17.96
25.68 X
20.53
25.68 X
23.11
25.68 X
25.68

TTCs are used for many applications ranging from semiconductor package characterization to heat source generation for precise temperature control of small specific-purpose
semiconductor devices.
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SPECIFICATIONS
Unit Cell Specifications
Electrical - Heating
# of Resistors
Resistance Value
Resistance Variation
Max Resistor Power
Peak Transient
Resistor Current
Connection
Resistor Coverage
Electrical - Sensing
# of Diodes
Nominal VF
Nominal BVR
Addressing
Physical
Unit Cell Size
Wafer Specifications (General)
Unit Cell Layout
Wafer Size
Wafer Thickness
Scribe Lane
Wafer Backside Finish
Topside Passivation
Wafer Yield

2
7.6  10 % (each resistor)
5 % (for die from a specific wafer)
6 W (6V @ 089A) each resistor
1.0A max
(1ms max duration)
Force & Sense wire bond or bump pads
>85% of die area within wire bond pads
4 (1 center, 2 opposing corners, 1 mid-side)
0.71 V @ IF = 1 mA each diode
≥5V @ IR = 10 A each diode
Row and Column wire bond or bump pads
2.54 X 2.54 mm (0.10 X 0.10 inch)
See Figure 3-1
152 mm (6 inch) Diameter nominal
625µm (0.0246" +/-0.001")
76µm (0.003")
Left as processed and typically silicon oxide coated
Silicon Nitride (Si3N4)
Greater than 85% typical

Wafer Specifications (Wire Bond version)
Wire Bond Pad Size
166µm (0.00654”) diameter
Wire Bond Pad Material:
Al-Si(1.0%)-Cu(0.5%)
Active Area
Nominal 101 X 101mm (4 X 4") area in center of wafer
Available Unit Cell Die/Wafer
1600
Wafer Specifications (Flip Chip [Bump] version)
Solder alloy
See Wafer Contact section in Chapter 6
UB Material
See Wafer Contact section in Chapter 6
UBM Thickness
See Wafer Contact section in Chapter 6
Bump height
100µm (0.00394”)
Bump base
166µm (0.00654”)
Bump diameter
169µm (0.00665”)
Bump locations
See Figure 3-1
Bump-side Passivation
Polyimide
Active Area
Entire Wafer (less wafer edger area)
Available Unit Cell Die/Wafer
≥1700
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Unit Cell Layout and Dimensions

Figure 2-1 Unit Cell connection locations
(Looking down at the connection pads)
Bump pads shown but centerline locations apply for Wire Bond pads as well
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TEMPERATURE MEASUREMENT
Introduction
Diodes make excellent temperature sensors, especially for determining the junction temperature [TJ] of the diode. At low values of forward current (usually refereed to as measurement current [IM] or sense current [IS]), the junction temperature [TJ] – junction forward
voltage [VF] correlation is very nearly linear to the second order. Thus a change in junction temperature produces a corresponding change in junction forward voltage with a
constant correlation factor of the form –
TJ  K  VF
where the correlation factor is referred to as the K Factor. The units of K are in C/mV
and the value is typically in the range
of 0.4 to 0.8 C/mV for silicon devices.

IM region

0

No one value of IM is suitable for all
diodes. The selection of IM is based on
the diode size and type. Industry pracIF
tice is to use a value of IM that corresponds to the break in the diode’s forward voltage curve as shown in Figure
3-I. Choosing a too low a IM value will
cause problems in measurement repeatability for a specific diode and potentially large variations between de0
vices of the same part number. Too
large a value of IM will cause significant self-heating within the diode junction area and give rise to potentially large
temperature measurement errors. When
ever possible, IM is selected to some
nominal value, such as 1.0mA, the exact
value depending on the current-handling
capabilities of the diode to be calibrated.
Connection
The TTC-1002 Thermal Test Chip unit cell
is designed to provide individual 4-wire
Kelvin Connection to each of the cell’s
four integrated diodes. The connections
for each diode’s anode and cathode are
available on the opposite edges of the
chip. Thus, connection to the appropriate
pads on the top and right sides of the cell
can be used for forcing the measurement
current and the pads on the bottom and

TEA
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left sides can be used for measuring the diode voltage. Figure 3-2 shows the diode temperature sensing circuit connections for the center diode but the same configuration applies to the other diodes as well. This
same connection scheme can be
used for arrays of wire-bond unit
cells. However, in bump unit cell arrays, the cells are completely electrically isolated from each other, so
connection must be made directly to
the unit cells in the manner described above. If the package substrate is correctly designed with the
adjacent cell bump pads connected
together to produce the same configuration as the wire-bond version,
then only periphery pads need to be
contacted, as shown in Figure 3-3 for
a 3X3 array of bump cells.

Calibration

Figure 3-3

Typical practice is to calibrate five or
more devices at a single time. Batch calibration serves two purposes. First, it reduces the
time necessary to calibrate all the devices individually. The initial temperature and the final temperature stabilization periods, which can take 30 minutes or more depending on
the temperature environment used for the calibration, only has to be done once instead of
for each diode. Second, making measurements in batch form helps to reduce potential
errors if the data is averaged.
The equipment setup for performing K Factor
calibration measurements is shown in Figure 34. The temperature-controlled environment can
be a small oven that maintains uniform temperature in an area large enough to contain the test
fixture. The test fixture only has to provide electrical connection to the individual diodes to be
calibrated. The temperature calibration system
provides the measurement current and measures the environment temperature and the diode
forward voltage. The diode forward voltage is
read and recorded for each device once the environment temperature has stabilized at a fixed
value. Temperature stability has occurred when
neither the diode voltage(s) nor environmental
temperature measurements shows any significant fluctuations.

3-2

Temperature-controlled
Environment
Test Fixture

1

2

15

16

Temperature
Calibration
System

Thermocouple
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Vlow

VF

Vhigh

TJ

T high

T low

0
0

Once the diodes are mounted in the
test fixture, the fixture inserted into
the temperature–controlled environment and the fixture is connected to
the measurement system, the next
step is to wait for initial temperature
stabilization at the low temperature
[Tlow]. This temperature is usually
near room temperature, something in
the 25 C range. After readings are
obtained at this temperature, the temperature is increased to a higher
value [Thigh], typically in the 100 C
range, stabilization allowed to occur,
and new set of voltage readings
taken.

Figure 3-5

Figure 3-5 shows graphically the results of the two different temperature conditions. K Factor [K] is defined as the reciprocal
of the slope of the VF – TJ line, and is usually in the range of 0.4 to 0.6 C/mV for a single
diode junction. The equation is –

K

Thigh  Tlow
Vlow  Vhigh

Analysis
To save thermal measurement time, the results of the calibration batch are usually averaged (Kavg) and the standard deviation (K) determined. If the ratio of K/ Kavg+ is less than
1.03, then thermal testing on the batch units can proceed using the Kavg for all units without causing a significant error in the thermal test results. A ratio of greater than 1.03 requires using the individual values of K for thermal testing. The higher ratio can also indicates potential calibration measurement problems.
The K Factor is highly dependent on the value chosen for IM. It is imperative that the
same value of IM be used during the thermal testing.

Example Calibration Data
The data shown in Table 3-1 is an example of the temperature calibration for the center
diode temperature sensor for each of five single cell chips . The table is for demonstration
only and the data values shown do not necessarily apply to all TTC-1002 diode temperature sensors. It is highly recommended that at least a 5-piece sample from a test lot be
subjected to a full diode sensor temperature calibration before attempting to use the diode forward biased voltage as a temperature sensor.
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TJ (ºC) =

19.5

96.7
77.2

ΔTJ (ºC) =
IM = 1mA

In the example shown on the right,
the temperature-controlled environment (i.e., oven) was initially set
to 19.5ºC – essentially room temperature – and allowed to stabilize
before the voltage measurement
readings with a 1mA Measurement
Current (IM) were taken. Then the
environment temperature was set
to 96.7ºC. After the temperature
and diode voltage stabilized again,
the voltage readings were recorded
for each device.

VFlo
(mV)
719
718
719
718
719

VFhi
(mV)
566
566
565
565
566

ΔVF
(mV)
153
152
154
153
153
Kavg =
δ=
δ/Kavg =

K Factor
(ºC/mV)
0.5046
0.5079
0.5013
0.5046
0.5046
0.5046
0.0023
0.46%

ºC/mV

Table 3-1
TEMPERATURE CALIBRATION
800
DUT#1
DUT#2
DUT#3

Forward Voltage (V F, mV)

The K Factor for each device was
then calculated and the average
value and standard deviation for
the lot computed. The low value of
the Standard Deviation-to-average
K Factor allows the average value
to be used for all the units in this lot
of test samples because the temperature reading difference between units will be very small –
0.46%.

DUT #
1
2
3
4
5

DUT#4
DUT#5

700

600

500
10

20

30

40

50

60

70

80

90

100

Junction Temperature (TJ, ºC)

Figure 3-6

The graph in Figure 3-6 shows the negative temperature coefficient characteristic of the
diode forward voltage for the five
IM
K
δ
δ/Kavg
DUTs. The characteristic is so
(mA)
(ºC/mV)
(%)
close for all the units that the resul0.1
0.4628
0.0023
0.50
tant graph shows only a single line.

3-4

0.4917
0.0022
0.5046
0.0023
0.5195
0.0019
0.5685
0.0062
1.0079
0.0120
Table 3-2

0.45
0.46
0.37
1.09
1.19

K Factor Variation

1.20

Kavg

0.014

δ/Kavg
δ

0.012

1.00

0.010

0.80

0.008
0.60
0.006
0.40

0.004

0.20

Standard Deviation

Caution should be used in applying
current to the diode temperature
sensors. The diodes are very small
devices and subject to destruction
if the applied current >10mA.

0.5
1
2
5
10

Kavg (degC/mV) & δ/Kavg

The K Factor (K) value is highly
dependent on the value of IM. The
same five units were calibrated at
over two decades of IM to produce
Table 3-2 and Figure 3-7. Based
on this data, the optimum IM value
is 1mA because higher values produce K, , and /Kavg values that
start to change dramatically.

0.002

0.00

0.000
0.1

1

Measurement Current (IM , mA)
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Application
There are two ways to use the calibration data – the absolute approach and the differential approach.
The absolute approach uses the linear relation of the voltage to temperature to generate
the constants in the line equation:
VF  V0  mTJ
where:
tor]

V0 = voltage at TJ = 0ºC (mV)
m = slope of the VF – TJ curve (mV/ºC) [reciprocal of K FacTJ = junction temperature (mV/ºC)

Rearranging the equation to solve for TJ:
TJ 

VF  V0
m

Once V0 and m have been determined from the calibration data, VF readings can be easily converted to TJ.
The differential approach is similar but starts off by knowing the initial TJ and then adding
the temperature increase due to application of heat to the junction, using the equation below.

 1 

TJ  TInitial   VInitial  Vfinal 
 m 

TJ  TInitial  K VInitial  Vfinal 
When making thermal measurements, the initial requirement is that the DUT be at temperature equilibrium with the thermal environment surrounding it. This temperature is
usually measured as part of the reporting process for the thermal measurement procedure. Thus, measurement of the change in diode voltage from the initial static equilibrium
condition to the voltage at a point in time after application of a thermal measurement
change (i.e., heating power application) results in a shift in TJ that can either be used for
thermal calculations or for absolute temperature measurement.
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HEAT FLUX GENERATION
Introduction
The thermal test chip unit cell has two independent resistors, as shown in Figure 4-1. The
resistors are deposited metal film resistors that have resistance values suitable for laboratory measurements. Each resistor is 7.6 nominal to better realize a wide power dissipation range using normally available laboratory power supplies. The two resistors are
laid out to occupy 86% of the available area within the electrical contact pads, thus conforming to the JESD51-4 coverage requirement. The resistor layout is shown in Figure 42 as the two large rectangles just within in the contact pads. Note that each resistor has
two contacts at each end. One contact at each
end is used for the power connection while the
other contact at each end is used for voltage
measurement; this 4-wire Kelvin Connection
eliminates contact resistance problems during
voltage measurements across the resistor.
Compared to polysilicate heating resistors typically used on other thermal test chips, this metal
film version offers better resistance uniformity
(typically better than 5%) across the wafer and
better than 2% across a 4X4 array of cells. The
metal film resistors also have low resistance
temperature coefficient values. This attribute results in relatively constant power dissipation
Figure 4-1. Unit Cell Electrical Layout
over the course of thermal measurements. As a
(Looking down at connection pads.)
consequence, it enables determining steady
state conditions more easily, particularly so during natural convection conditions where it may
take up to thousands of seconds in a natural
convection environment. The designed current
handing of each resistor, connection trace, and
pad is 0.89A, allowing the 7.6 resistor to dissipate up to 6W each. The exact power that can
dissipated is determined by the heat sinking ca- Resistor #1
Resistor #2
pability of the specific chip/package/heat sink
application. The maximum recommended temperature, as measured by the center diode temperature sensor, is 150ºC.
Figure 4-2 Resistor Coverage
(Looking down at connection pads.)

Connection

The TTC-1002 Thermal Test Chip unit cell is designed to provide individual 4-wire Kelvin
Connection to each of the cell’s two integrated resistors. One connection pad at each end
of the resistor is used for forcing power into the resistor while the other pad at each end
of the resistor is used for measuring the voltage across the resistor. An example of the
Kelvin Connection is shown in Figure 4-3, with separate high current Force connections
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for application of power and with another set of low
current Sense connections for the measurement of
voltage across the load (i.e., the resistor).. When
dealing with the Wire Bond unit cell arrays, Kelvin
Connection can only be made at the end of the
heating resistor series strings, as shown in Figure
4-4 for two adjacent cell resistors.
The Flip Chip (Bumped) version of the TTC-1002
thermal test chip does not have the metal conductor lines going across the scribe streets; each set
of resistor connections are brought out to a bump
contact. Thus, for the circuit shown in Figure 4-4,
the metal connection lines shown must be replaced
by conductors between the bump pads on the circuit mounting surface. Alternatively, the bump pads mounting
Force +
pads could be connected to individually to isolate the resistor
from other resistors in the array.
This will allow for application of
different power dissipation levels
for selected resistors in the array.

Figure 4-3 Kelvin Contact connection circuit for
precise measurement under high power conditions
Sense +

RCell A
Metal connection lines
across scribe streets
between two adjacent cell

Figure 4-5 shows an example of
VH
IH
how to make electrical connection to unit cells within a 2X2 array of unit cells. Depending on
the power dissipation requirement and the available power
RCell B
supplies, the resistor series
strings can either be connected
in series or parallel to provide for
uniform heating. The temperaForce Sense ture-sensing diodes can be individually addressed using the in- Figure 4-4 Kelvin connection for two series resistors in adjacent cells
tersection of the vertical anode
connection line and the horizontal cathode connection line to select a specific diode. The
example also shows how to implement Kelvin Connection for both the heating resistors
and the temperature-sensing diode.
Example connection diagrams for many other array configurations are shown in a separate document – please contact TEA for access to the latest version of this document.
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Figure 4-5 Two different uniform heating connection configurations for a 2X2 array.

Array Chip Element Count
The total number of heating resistors in any cell is 2N and the corresponding number of
temperature sensors is 4N. A 4X4 (10X10mm) would have 32 resistors and 64 diodes.
Similarly, an array used to simulate a microprocessor-sized chip in the range of
25X30mm, would be a 9X11 configuration with 198 resistors and 392 diodes. The substrate for bumped chip mounting can be designed to provide electrical access to all of
these resistors and diodes or, by interconnections between cells, limit the resolution in
some areas while maximizing it in other areas. This provides finer grain power application
and temperature sensing capability and flexibility to allow for power mapping investigations and for study of spot cooling technologies.
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APPLICATION ISSUES
Measurement Setup
Diode Calibration and Measurement
The following equipment is required for accurate diode temperature calibration and measurement:
a) Current Source: Capable of supplying 0.1mADC to 1.0mADC with a setting accuracy of ±0.1% with better than ±0.1% time stability; voltage compliance should be
limited to ≤5V.
b) Voltage Measurement: Capable of 1V measurement with 0.1mV resolution and
accuracy of better than ±0.1%.
c) For greatest accuracy, always use 4-wire Kelvin Connection to remove voltage
drops associated with connection and wire resistances.
Resistor Powering and Measurement
The following equipment is required for accurate diode temperature calibration and measurement:
a) Current Source: Capable of supplying up to 0.89ADC with a setting accuracy of
±0.1% with better than ±0.1% time stability; voltage compliance should be limited
to ≤50V maximum (always set compliance to 2 or 3 volts higher than calculated
value to take into account wire and connection voltage drops).
b) Voltage Measurement: Capable of 10mV resolution or better and accuracy of better than ±0.5%.
c) For greatest accuracy, always use 4-wire Kelvin Connection to remove voltage
drops associated with connection and wire resistances.

Application Tips
Listed
tions.
a)
b)
c)

below are suggestions for using the thermal test chip in various array configura-

Limit the maximum current for any individual resistor is 0.89A.
Limit the maximum voltage applied across any combination of resistors is 50V.
The maximum power that can be applied is limited by the junction temperature
within the vicinity of the highest power dissipation.
d) The maximum junction temperature is 150ºC.
e) The temperature sensing diode measurement current should be in the range of
0.1mA to 1.0mA.
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Daisy-Chain Applications
While primarily intended for thermal measurement purposes, the TTC-1002 in either wire
bond or flip chip (bump) form can also be used for reliability testing of wire bond or bump
contact connections.
As noted previously,
the conductor traces
that contact the individual diode anodes
and cathodes extend
across the unit cell.
Thus, an electrical
connection to one end
of an anode conductor
trace and an electrical
connection to the other
end of the trace proFigure 5-1 Wire Bond Daisy-Chain setup
vide the ability to detect if a wire bond to
either the package or the chip pad changes – either opens or becomes excessively resistive – during reliability testing. This configuration is schematically shown in Figure 5-1.
While this figure shows the setup for two adjacent cells on a chip, the configuration concept is basically the same no matter the number of cells involved. Typically, the current
applied is relatively low – 5mADC or 10mADC is most common – and the voltage reading
is in the tens or hundreds of millivolts. Should a wire bond at the lead paddle or chip pads
become highly resistive or open up, the voltage will go to the current source voltage
compliance level – typically 5V or so.
The same approach is applicable to the bump chip version. However, whereas wire bond
chip arrays have the inter-cell connections already implemented, bump chip arrays require that connection between cells must be implemented by the users.
Depending on the packaging requirements, inter-cell
connections can be implemented in two different
ways. The simplest approach is to put a short
conductor trace on the
substrate between comFigure 5-2 Simple Flip Chip Daisy-Chain setup
mon adjacent pads so that,
for example, a single anode or cathode conductor trace across the entire chip can be
created, see Figure 5-2. Then the application of a current to one of the periphery pads
will be passed to the periphery pad at the other end of the chip. Thus if one of the bump
connections opens during reliability testing, there will be an interruption of the current that
5-2
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can be easily detected. However, the exact location of connection failure will not be
known.
The other approach for the bump chip is to use the same connection scheme described
above but bring out a connection to bump pad pairs to individual BGA (or LGA) package
contact, as shown in Figure 5-3. The current can still be passed from one side of the chip
to the other but, should a current interruption or reduction
Substrate Conductor Trace
occur, it is now possible to
detect the general location of
the contact problem by making measurements at each of
Substrate Internal
Conductor Trace
the balls connected to the
I
path. This approach is relaV
tively easy to implement as it
Figure
5-3
Moderate
Complexity
FCBGA Daisy-Chain setup
does not require that all the
Substrate Internal
Conductor Trace
bump contacts be brought out
to a separate package ball
contact. If knowledge of each
bump contact is required,
Socket or PCB
then the full-pinout configuraconnection
I
tion shown in figure 5-4 is required. Here all bumps in a
V
diode Anode and/or Cathode
Figure 5-4 High Complexity FCBGA Daisy-Chain setup
connection chain are brought
out to its own, separate package ball contact. This approach is more difficult to design
and fabricate because of the number of ball contacts required (especially for very large
array chips). However, it does offer greater ability to determine the package to socket or
printed circuit board contact reliability and location of suspect bump and ball contacts.

Resistor Contact Selection
D7

As pointed out in Chapter 4, each heating resistor has
two contacts at each end – see Figure 5-5. Either contact can be used for application of power or for voltage
measurement. When making connection to these chip
contacts, it is important to that the contact connection
is capable of handling what ever current the application requires, up to the maximum limits of 0.89A,

R7

R5

D5

D3

R3

R1

D1

8

7

6

5

4

3

2

1

Chip Viewing
D8

R8

R6

D6

D4

R4

R2

D2

Figure 5-5 Resistor Connection
The TTC-1002 Unit Cell is not symmetrical. It is imporL
t
tant to consider chip orientation when placing a test
chip into a package whether it be a wire bond or flip chip assembly process. Figure 5-6
shows views for either looking down at the contacts as would occur in a wire bond application or looking through the silicon as would occur in a flip chip application with bumped
chips.
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Figure 5-6 Cell Views for chip packaging

Chip Thickness
The affect on chip thermal resistance due to thickness for a Unit
Cell is shown in Table 5-1 and Figure 5-7. These results were
calculated assuming 86% Heating Resistor coverage area on
the top chip surface and a spreading angle of 45º until columnar flow occurs.
Similar calculations can be done on arrays larger than 1X1. The
percentage of Heating Resistor coverage area will be less than
that of the Unit Cell because of the additional chip area associated with the scribe lanes around each unit cell. Thus the heating will not be as uniform as on a Unit Cell. If rough thermal re5-4
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Table 5-1 Chip Thickness
impact on thermal resistance
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0.80

Unit Cell Thermal Resistance vs. Chip
Thickness

0.70
0.60
0.50
(ºC/W)

Thermal Resistance

sistance values are not sufficient, then a detailed thermal model at chip level will need to
be constructed.

0.40
0.30
0.20
0.10
0.00
0

100

200

300

400

Chip Thickness

500

600

700

(µm)

Figure 5-7 Unit Cell Θ versus Chip Thickness

Microchannels
Microchannels are grooves in the back
of the chip that are used for cooling purposes. A gas or liquid coolant can be
pumped through the microhannels to
increase the heat transfer between the
silicon material and the coolant. Figures
M-N and M-N show actual microchannel
structure implementation on a silicon
chip.

Figure 5-8 Microchannel top view

In the proper configuration, the micro-channels can increase the silicon surface area significantly over the flat backside surface of a silicon chip. This will improve the heat transfer from the silicon into the coolant
and allow greater power dissipation
on the chip and/or a lower chip operating temperature.
The figures above were created by
precision sawing into the backside
of a TTC cell array using a semiFigure 5-9 Microchannel Cross-Section
conductor dicing blade. TEA offers
microchannel customization on a
chip basis. The chip is first customized at the wafer level – wafer type (wire bond or
bumped), thickness, and backside metal-lization, then sawn into the desired array size
chips. Then the microchannels are sawn into each chip. Microchannel widths are available in the following sizes shown in Table e-r.
Size Channel Width
#
(Y)
µm(inches)

1
2
3
4
5
Figure 5-9 Microchannel Cross-Section Detail

TEA

20.3 (0.0008)
25.4 (0.0010)
30.5 (0.0012)
40.6 (0.0016)
50.4 (0.0020)

Table 5-2 Microchannel Width Options
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TEA requires the following information in order to assist customers with their specific microchannel requirements:
#
Item
1 Wafer type
2 Wafer Thickness (T)
3
4
5
6
7
8

Backside Metallization
Chip Size
Number of Chips required
Microchannel depth (Z)
Microchannel width (Y)
Microchannel spacing (X)

Detail/Comments
See page 6-5 for type
Minimum T ≥ 0.010” (254µm)
Maximum T ≤ 0.025” (635µm)
See page 6-2 for options
See page 1-2 for array options
Minimum of 5 pcs necessary
Z ≤ (T/2)
See Table 5-1 for width options
X≥Y

Table 5-3 Microchannel specification requirements list
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Wafer Layout
The TTC-1002 wafers are provided in two different versions, as shown in Figure 6-1. The
Wire Bond version has a center 100mm X 100mm (4.00” X 4.00”) square of useable interconnected cells – the connection pads are square and the cell-to-cell connection metal
lines cross the scribe streets. Outside this area, the cells are not interconnected and have
round connection pads. This configuration is necessary to insure that the cells within the
square are probe testable to insure the wafer quality. The maximum number of interconnected unit cells available within the square is 1,600.

Wire Bond Wafer
Flip Chip (Bump) Wafer
Figure 6-1 Active Area view of Wafers

The Flip Chip (Bump) Wafer version
has the same unit cells but they are
not interconnected. The lack of cell-tocell interconnection results in the ability to create mounting substrates that
provide non-uniform heating electrical
connections. And it also increases the
number of available unit cells to
≥2,000 per wafer.

Wafer Orientation
The orientation of the wafer with respect to the cell layout is shown in
Figure 6-2.
Knowledge of this relationship is important when sawing the wafer into
rectangular (i.e., non-square) arrays.

TEA

Figure 6-2 Wafer Orientation of Unit Cells
(Looking down at connection pads)
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Wafer Polishing & Thinning
Standard thickness for both versions of the TTC-1002 wafer is 625µm (0.0246" +/-0.001")
with the backside finish left as processed.
The standard (as it comes out of wafer fab) wafer backside surface roughness is usually
not specified because the surface has a relatively thick oxide on it that makes it unsuitable to any attachment processing.
Wafers that are backside polished but not thinned are typically 600µm (0.0236" +/-0.001")
thick. TEA's standard backside grinding for polishing or thinning is done with a 4000 grit
process that results in a surface roughness of 0.008µm to 0.06µm. As an option, TEA
can also supply a burnishing process that results in a surface roughness in the 6Å to 9Å
range.
TEA offers wafer thinning down to 100µm (0.004”) on a custom basis - please contact a
TEA representative to discuss specific requirements.

Wafer Backside Metallization
The TTC-1002 wafers can be supplied in backside metallization as described below.



None (left as processed and typically silicon oxide coated)



Soft Solder Die Attach
(Ti-Ni-Ag => ~1000Å Titanium, ~3,000Å Nickel, ~3000Å Silver)



Non-Conductive Epoxy Die Attach
(Au alloyed into silicon, 1,000 – 2,000Å Gold); Specify required Gold thickness



Conductive (electrically and/or thermally) Epoxy Die Attach
(Au alloyed into silicon, 1,000 – 2,000Å
Gold); Specify required Gold thickness



Inter-cell Metal
Connection

Passivation

Direct (Eutectic) Die Attach
(Au alloyed into silicon, 7,000 – 10,000Å
Gold): Specify required Gold thickness

Substrate
Saw Cut #1

A

TEA can also provide alternative metallization as required on a custom basis. Please contact a TEA representative to discuss specific requirements.
Saw Cut #2

B

Wafer Sawing
The wire-bond version of the TTC-1002 wafer has
metal connection lines that cross over the scribe lane
between unit cells. These lines allow the wafer to be
sawn into different size unit cell arrays that only have
to be contacted at the array periphery – no inter-cell
6-2
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2,540µm

2,540µm

Scribe Lane Center Line

Figure 6-4
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wire bonding is required. These lines, however, could create an electrical short problem if
the wafer is not sawn properly. The major concern is that a single saw operation – cutting
through the wafer in a single pass – would smear the connection line metal over the edge
of the array and cause a short between connection lines and/or a short to the array substrate.
This potential problem can be eliminated by performing the sawing operation in two
steps. The first step, to clear the metal out of the through-cut area, is to make a shallow
cut as wide, or slightly wider, as the through cut to skim off the metal in the scribe lane.
The second step is to make an equal or thinner cut all the way through the wafer.
These two steps are shown in Figure 6-4. The recommended Saw Cut #1 is 25.4µm
(0.001”) wide with depth to cut through the metal connection lines. The recommended
width for Saw Cut #2 is 25.4µm (0.001”).

Wafer Contact Materials
Wire-bond Wafer
Topside Passivation:

Silicon Nitride (Si3N4)

Wire-bond Pad:

166µm (0.00654”) diameter

Pad Material:

Al-Si(1.0%)-Cu(0.5%)

Pad Material Thickness:

10,000Å

Bumped Wafer
Note: There is no electrical connection between Unit Cells on the bump wafer version.

Bump Material Options
(see Table 6-1) :
a) Low-Lead [Pb(37%)-Sn(63%)]
b) Lead-Free [Sn(97.5%)-Ag(2.5%)]
c) High-Lead [Pb(95%)-Sn(5%)]
d) SAC305
e) Custom requirements
(please contact TEA)

Pad Material: Al-Si(1.0%)-Cu(0.5%)
Pad Material Thickness:10,000Å
Figure 6-5 Solder Bump Construction

The use of High-Lead Bumps is preferred if precise chip height and co-planarity are required. A low-lead solder paste can be used to form a eutectic coating on the High-Lead
Bumps that will adhere to copper or solder–coated mounting pads on the substrate (or
printed circuit board). This will reduce the chip-to-substrate mounting process temperature to the 235ºC range that will not cause the high-lead bumps to liquefy.

TEA
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Redistribution Layer (RDL)
An RDL is used to redistribute the electrical
contact pads – either wire bond or bump –
into a configuration other than that originally
designed on the chip. Some reasons for this
are:
 Mounting a chip onto BGA package substrate originally designed for a different
chip pad configuration;
 Wire bond chips may have a single row
of wire bond pads in the center of the
chip.
 Stacked chips may require all wire bond
pads along one chip edge.
The process for creating an RDL on the wafer is diagramed in Figure 6-6. If the redistribution routing is very complex, then additional metal and dielectric layers will be required. Step 5 shows the mounting of a solder bump for electrical contact. This step is
modified or eliminated if the RDL is for wire
bonding applications.
The RDL is a custom requirement that
needs to be discussed in detail with TEA before any implementation can begin.

Figure 6-6 RDL Process Diagram
(Courtesy of Tlmi Corporation)

Wafer Probe Test
It is common practice when dealing with semiconductor wafers to ask for a wafer probe
map of the test results. The wafer probe map is either presented as a tabular listing of the
data results for each individual chip (also known as “die”) on the wafer or as a picture
representation of the wafer with color coding to reflect the electrical conformance with the
individual chip specifications. The purpose of the wafer map is to allow the wafer user to
select “known good die” or to select specific die that meet a certain criteria. TEA does not
currently have the ability to provide wafer maps for the TTC-1002 wafers. However, all
wire bond wafers are supplied with ink dots on individual cells that do not meet product
specifications.
When dealing with thermal test chip wafers, there are two issues that must be considered. First consider the actual electrical test data. Specific cell data will reveal either a
catastrophic failure – e.g., the cell has open or shorted elements - or a deviant failure –
the cell has characteristics that are outside of the specified values. The former failure is
unacceptable and the cell is not useful at all. The latter failure may limit the application of
the cell but the cell is still functional and capable of use in certain applications.
6-4
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A thermal test chip cell that is functional in everyway but has a heating resistance value
that may not meet a datasheet value is still useful as long as the resistance value is
known and accounted for in the targeted application. Similarly, a diode forward voltage
that is above or below the datasheet value range does not necessarily mean the diode
can not be used for temperature sensing; it may however require individual calibration of
the forward voltage versus junction temperature characteristic.
The second issue deals with the specific design implementation of the thermal test chip
wafer. The TTC-1002 Bump Chip Wafer has all the individual unit cells electrically isolated from each other so wafer probe testing is not an issue. However, the TTC-1002
Wire Bond Chip Wafer is specifically designed to eliminate inter-cell wire bonding when
the wafer is sawn in a manner to produce arrays of unit cells. This is accomplished by
connecting adjacent cells to each other by means of conductive traces crossing over the
scribe lanes on the wafer. Thus, while individual chips can be tested, the test apparatus
actually sees multiple chips in parallel or series. Hence, the measured values reflect the
parallel connection of many diodes and the series connection of the resistors. If a single
unit cell has a catastrophic failure in one of the diodes, then all the cells aligned in the
same row or column as that cell will seem to also be seen as defective cells. Similarly, if
one or more interconnected cells have a deviant failure, then all the cells in the same row
or column will also be seen as defective cells. In either case, once a unit cell or array of
unit cells is sawn from the wafer, the defective cell may no longer be connected and the
resulting unit cell or array may meet all the specifications.
For the reasons described above, TEA recommends that inked wire bond wafers be
sawn in a manner that doesn’t exclude inked die. Probing individual cell and array chips
is the best way to determine the actual electrical characteristics.
TEA will wafer probe all wire bond wafers and ink all cells that do not meet the datasheet
specifications. The wafer will typically appear with ink dots in rows and columns for the
reason described above. The bump wafer can only be probed after the bumps have been
applied because the wafer test probe may potentially mar the bump pad, resulting in an
unreliable bump attachment. Because of the extra time and wafer handling required for
wafer probing the finished bump wafer, this testing is not done unless specifically requested by the customer.

Wafer Part Numbers
TEA has assigned the following part numbers for
the different basic wafer
versions; wafer customization is not included in
the basic numbers:

Wafer Type
Wire Bond

Part Number

Description

TTC-1002-0100
Flip Chip (Bumped) Wafer
TTC-1002-0200

Bump-ready (no bumps)

TTC-1002-0201

High-Lead [Pb(95%)-Sn(5%)]

TTC-1002-0202

Lead-Free [Sn(97.5%)-Ag(2.5%)]

TTC-1002-0203

Low-Lead [Pb(37%)-Sn(63%)]

TTC-1002-0204 SAC305
Table 6-1 Wafer Part Numbers
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Wafer Shipment
Unless otherwise requested, TEA ships
complete wafers in a wafer jar (see Figure 7-1). Other shipment packaging arrangements are available on a custom
basis. Please contact a TEA representative to discuss specific requirements.

Figure 7-1 Wafer Jar and contents

Chip Shipment
The two standard packaging arrangements for sawn
array chips are the Waffle Pack (see Figure 7-2) and
Gel Pack (see Figure 7-3).
The Waffle Pack has little pockets into which individual chips are placed. Normal practice is to use either
plastic tweezers or a vacuum probe to remove the
chips from the pockets. Waffle Packs are available in
a range of pocket sizes and usually used for arrays
up to 6X6 arrays. Larger arrays require a Gel Pack or
Membrane ring shipment packaging approach.

Figure 7-2 Waffle Pack

The Gel Pack is a plastic box with tacky gel material
on the inside bottom surface. The individual chips are
firmly placed in position on the gel material with just
enough force to insure the individual chips are held in
place. Normal practice is to use either plastic tweezers or a vacuum probe to lift the chips from the sticky
material.

Figure 7-3 Gel Pack

TEA
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Another alternative approach to packaging chips for shipment is to leave the sawn wafer
on the sticky membrane (blue nitto tape) used in the sawing process to hold the wafer in
place. This membrane can either be supplied with (see Figure 7-4) or without (see Figure
7-5) the metal frame used in the sawing process.

Figure 7-4 Sawn wafer mounted on dicing
membrane

Figure 7-5 Sawn wafer mounted on dicing
membrane in metal frame

The dicing membrane can also be mounted on an expansion ring (see Figure 7-6) in order to increase the spacing between die, as shown in Figure 7-7. The increased space
between the die simplifies the removal of the die off the membrane and avoids potential
damage to the individual die due to membrane flexing.

Figure 7-6 Sawn wafer mounted on dicing
membrane mounted on expansion ring

Figure 7-7 Die separation resulting from dicing membrane mounted on expansion ring

Please contact a TEA representative to discuss specific chip packaging requirements.
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Standard Packages
The Thermal Test Chips are also available in packaged form. TEA currently offers standard products in BGA and QFN versions. Other package types are currently being developed; please contact TEA for the latest packaged TTC product offerings.
BGA Packages
#
Contacts

Chip
Array

Chip Size

Electrical
Configuration

Part
Number

(mm)
2.5X2.5
5.08X5.08
7.65X7.65
10.23X10.23
12.8X12.8

27X27

FC

1X1
2X2
3X3
4X4
5X5

Fully Programable
(FP)

Package
Contacts

480
peripheral
array

Chip
Type

1mm pitch
0.6mm Ø

Package
Size
(mm)

TTV-1101
TTV-1201
TTV-1102
TTV-1202
TTV-1103

18X18

FC

0.5mm pitch
0.30mm Ø

1225

5X5

12.8X12.8

Special

TTV-2103

12.7X12.7
12.7X12.7

WB
FC

0.8mm pitch
0.5mm Ø

201*

2X2
2X2

5.08X5.08
5.08X5.08

Series

TTV-1501
TTV-1502

* Includes 25 thermal balls in center

Examples of the 27X27mm packages are shown in
figure 8-1.

Please contact TEA for package details and optional
versions of these packages.

Figure 8-1 TTV-110X & TTV-120X
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QFN Packages

6X6
8X8
10X10
12X12

Chip
Type

Package
Contacts

# Contacts

Chip
Array

Chip Size

Electrical
Configuration

Part
Number

Series

TTV-3006
TTV-3008
TTV-3010
TTV-3012

(mm)

WB

0.5mm pitch

Package
Size
(mm)

32
56
72
80

1X1
2X2

2.5X2.5
5.08X5.08

3X3

7.65X7.65

These packages have exposed Direct Attach Pad (DAP) on bottom side.

Top and bottom views of a typical QFN package are
shown in Figure 8-1.

Please contact TEA for package details and optional
versions of these packages.
Figure 8-2 QFN top and bottom views

Custom Packages
TEA offers package development services for those
requirements that can not be addressed by the standard packages described above.
In addition to single chip packages, TEA can also develop and supply the TTC in custom stacked chip
packages (see Figure 8-3 for example), multi-chip
(horizontal layout) packages, and Package-onPackage components.
Please contact TEA for discussions about specific
custom package requirements.
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Figure 8-3 Wire Bond 1X1 chip
mounted on Wire Bond 2X2 chip
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ACCEPTANCE POLICY
Thermal Test Chip product acceptance, for either supplied individual chips or whole wafers, is based on visual review of the chips and wafers for cracks, breaks, scratches, contact area damage, and proper implementation of customization requirements as defined
by the customer’s order. Unless otherwise noted in the purchase order, customization requirements will be limited to chip/wafer thickness, backside surface treatment, and array
sizes. Defects observed during the visual review should be immediately reported to TEA
by e-mail, fax or phone – see below for contact information.
The product acceptance must occur within 15 calendar days of product receipt at the customer’s facility.
Should subsequent application of the product reveal non-conformance to the Thermal
Test Chip published electrical specifications TEA will endeavor to replace the product as
appropriate but will not be responsible for consequential expenses associated with the
customer’s application.

Disclaimer
Thermal test chips are offered for use in characterizing assembly processes, packages,
materials and any other applications requiring precise control of heat flux generation and
temperature measurement. Applying the data from the test chip to a functional system is
the responsibility of the user. TEA makes no warranty, express or implied including the
implied warranties of merchantability and fitness for a particular purpose, that the user's
products and/or systems designed using that data will perform as intended by the user.
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TEA PRODUCTS & SERVICES
Since 1999, TEA has developed a full line of products and services for the electronic
thermal management field, covering the thermal design and measurement of semiconductor devices and packages, custom-developed products for validation of thermal simulations, and measurement, design and general consulting. These offerings include:
► Thermal Test Chips
► Thermal Test Vehicles that include:
FC and WB BGA-packaged thermal test chips
WB QFN-packaged thermal test chips
DDR3 DIMM Modules
SFP & XFP Modules
► Thermal Load Boards that are custom designed for specific applications
► Thermal Test Boards that include:
JEDEC JESD51 Thermal Test Boards
Custom-developed application-specific thermal test boards
► Thermal Test Fixtures that include:
Custom-developed application-specific engineering and manufacturing
thermal test fixtures
Mil-Std 750 and 883 thermal test fixtures
JEDEC JESD51 thermal test fixtures
► Thermal Measurement Environments that include:
JEDEC JESD51 Natural Convection Chamber
JEDEC JESD51 Forced Convection Wind Tunnel
JEDEC JESD51 Junction-to-Board Ring Cold Plate
► Thermal Measurement Equipment that include:
JEDEC JESD51 & Mil-Std 750 and 883 compliant Thermal Test Systems
Application-specific test and measurement systems
► Thermal Conductivity Equipment that include:
ASTM DM5470 compliant Thermal Conductivity Measurement equipment
Application-specific thermal conductivity measurement equipment
► Thermal Engineering Services that include:
Thermal Measurements
Thermal Design & Consulting
For further information, please visit www.thermengr.com or contact TEA directly at 650961-5900 or sales@thermengr.com.
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