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THERMAL CONTROL OF A DUT USING A
THERMAL CONTROL SUBSTRATE

FIELD OF THE INVENTION

[0001] The present invention is directed generally to ther-
mal control of a device under test (DUT) and specifically to
thermal control of a DUT using a thermal control wafer or
chip having a plurality of independent thermal elements.

BACKGROUND OF THE INVENTION

[0002] Generally, electrical and burn-in testing is fre-
quently carried out on diced packaged or unpackaged semi-
conductor chips. Tustaniwskyj, et al., U.S. Pat. Nos. 5,821,
505 and 5,844,208 describe a procedure to estimate the
temperature of diced semiconductor chips based on the
measured temperatures of a heat sink and an electric heater
interposed between the chip and the heat sink. The estimated
temperature is then used to control the heater power and
temperature to maintain the chip at a desired temperature
during testing.

[0003] As semiconductor devices get smaller and the
pressure to cut semiconductor processing and testing costs
and time has grown, two trends have emerged. The first
trend is the increased power dissipation, and hence self-
heating of semiconductor devices. A second trend is a drive
toward performing device burn-in and electrical testing at
the wafer level before the wafer is cut into individual device
chips to decrease testing time and cost. However, prior
thermal control systems generally do not provide a sufficient
amount of temperature control for wafers and high power
dissipation chips undergoing electrical and burn-in testing.

SUMMARY OF THE INVENTION

[0004] One preferred aspect of the present invention pro-
vides a solid state thermal control device, comprising a
substrate, and a plurality of solid state thermal elements on
the substrate adapted to provide thermal control to a device
under test (DUT). Each solid state thermal element com-
prises at least one solid state heater and a control circuit
adapted to control a thermal output of the solid state heater.

[0005] Another preferred aspect of the present invention
provides a solid state thermal control device, comprising a
plurality of first means for providing thermal control to a
device under test (DUT) undergoing burn-in or electrical
testing, a plurality of second means for providing control of
a magnitude of a thermal output of the plurality of first
means, and a third means for supporting the plurality of the
first means and the second means.

[0006] Another preferred aspect of the present invention
provides a semiconductor wafer testing system, comprising
a thermal control wafer which comprises a semiconductor
wafer substrate and a plurality of solid state thermal ele-
ments on the substrate adapted to provide thermal control to
a wafer under test (WUT). Each thermal element comprises
at least one solid state heater and a control circuit adapted to
control a thermal output of the solid state heater. The system
also comprises an electrical testing or burn-in processing
probe located opposite a first side of the thermal control
wafer, such that a wafer under test (WUT) location opening
is created between the thermal control wafer and the probe,
and a thermal reservoir located in thermal contact with a
second side of the thermal control wafer.
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[0007] Another preferred aspect of the present invention
provides a method of testing a DUT, comprising placing a
first side of a DUT in thermal contact with a thermal control
substrate containing a plurality of solid state thermal ele-
ments, placing an electrical testing probe in contact with a
second surface of the DUT, performing electrical testing or
burn-in processing of the DUT, wherein the DUT in an
unheated state has at least one of a non-uniform spatial and
temporal temperature or power dissipation during the test-
ing, and heating the DUT using the solid state thermal
elements such that the DUT has a substantially uniform
respective spatial, temporal or spatial and temporal tempera-
ture profile during testing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1is a schematic top view of a thermal control
wafer according to a preferred aspect of the present inven-
tion.

[0009] FIG. 2 is a schematic side cross sectional view
along line A-A' in FIG. 1.

[0010] FIG. 3 is a circuit schematic of a thermal element
located on the thermal control wafer according to a preferred
aspect of the present invention.

[0011] FIG. 4 is schematic three dimensional view of a
thermal control system which includes the thermal control
wafer according to a preferred aspect of the present inven-
tion.

[0012] FIG. 5 is a schematic representation of thermal
resistances between the elements of the system shown in
FIG. 4.

[0013] FIG. 6 is a graphic simulation of a wafer under test
according to the second preferred embodiment of the present
invention.

[0014] FIG. 7 is a plot of surface temperature versus
location on the wafer under test shown in FIG. 6.

[0015] FIGS. 8-12 are flow charts of thermal control
methods according to the preferred embodiments of the
present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0016] The present inventors have realized that by using a
solid state thermal control device in contact with the device
under test (“DUT”), allows rapid change and stabilization of
the temperature of the DUT, which allows electrical testing
and burn-in processing at multiple temperatures. The ther-
mal control device contains a plurality of independent solid
state thermal elements which can compensate for inhomog-
eniety of the DUT power dissipation, thus maintaining a
more uniform DUT temperature distribution than the prior
art systems.

[0017] Preferably, the solid state thermal control device
comprises a semiconductor thermal control wafer (“TCW?)
in thermal contact with the DUT. The DUT preferably
comprises an undiced semiconductor wafer under test
(“WUT”). Alternatively, the solid state thermal control
device may comprise a portion of a TCW, such as one or
more thermal control chips, which contain a plurality of
solid state thermal elements. Such smaller thermal control
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device may be used for thermal control of smaller DUTs,
such as a packaged device, an unpackaged die or a portion
of a WUT undergoing electrical testing or burn-in process-
ing. Thus, the size of the thermal control device is prefer-
ably, but not necessarily, selected to be similar to the size of
the DUT. The description of the preferred embodiments of
the present invention below describes the use of the entire
TCW for thermal control of a WUT. However, it should be
noted that these embodiments are equally applicable to
thermal control of other DUTs, such as packaged devices,
unpackaged die or portion of a WUT, using a portion of the
TCW, such as a thermal control chip. Also, each thermal
element contains one or more solid state heaters, a tempera-
ture sensor and an active control circuit, such as an inte-
grated logic circuit which controls a thermal output of the
heater by controlling the power dissipated in the heater.
However, some or all thermal elements may lack one or
more of these components.

[0018] During electrical testing or burn-in processing, the
TCW is sandwiched between the WUT and a thermal
reservoir, such as a liquid cooled thermal chuck. The TCW
preferably contains large number of uniformly distributed
thermal elements, such as 500 or more thermal elements,
preferably 1000 or more thermal elements, most preferably
2000 or more thermal elements. The thermal elements are
distributed such that each die or device on the WUT is in
thermal contact with one or more thermal elements, such as
two or more, and preferably more than ten thermal elements.
For example, at least one thermal element on the TCW
contacts each die or device on the WUT or the WU'T portion.
In case of thermal control of a single packaged device or
unpackaged die having an inhomogeneous power dissipa-
tion, such as microprocessor undergoing electrical testing or
burn-in processing, preferably two or more, such as five or
more thermal elements contact such a die or device. Each
thermal element is addressable by an off-wafer controller via
array addressing and a common data bus, or other addressing
methods.

[0019] The thermal elements on the TCW are arranged
such that a “lateral” thermal resistance between adjacent
thermal elements is larger than a “vertical” thermal resis-
tances between the TCW and the WUT, and between the
TCW and the thermal reservoir. For example, the vertical
thermal resistance may be at least two times larger, such as
at least four times larger than the lateral thermal resistance.
The terms “lateral” and “vertical” are relative terms that
depend on the relative position of the TCW and the WUT,
which may be arranged in any configuration from parallel to
perpendicular relative to the ground. The heat flows are
predominantly “vertical,” (i.e., between the reservoir, TCW
and WUT) and each thermal element can be treated (for
thermal purposes) as independent of adjacent thermal ele-
ments.

[0020] The temperature of the portion of the WUT directly
above the thermal element can then be estimated, based on
the measured thermal element temperature, the reservoir
temperature, and a few calibrated constants. The active
control logic circuit of the thermal element adjusts the
thermal element’s power dissipation in order to maintain the
WUT die or device temperature within a few degrees, such
as within 3, preferably within 1 degree, from a set point
value.
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[0021] The TCW can maintain a substantially uniform
temperature across the WUT during the simultaneous testing
of many or all of the WUT die or devices, regardless of
whether a die resides on the periphery of the WUT, and
regardless of the power dissipation of adjacent die. The
TCW also has the capability to rapidly change the set point
temperature. Preferably, TCW requires no circuitry or die
area on the WUT and it places no additional requirements on
the electrical test or burn-in system. Preferably, there is no
requirement for synchronization signals or data exchange
between the thermal control system and the test or burn-in
system. The TCW places no restrictions on the test or
burn-in sequencing and its functionality is independent of
the details of die size and layout on the WUT. A TCW may
be used with any WUT, especially if the thermal element
size is smaller than the die size and the distribution of
thermal elements spans the area occupied by the WUT die
or devices. The TCW functionality is independent of spatial
and temporal variation of power dissipation by the WUT.
The use of the TCW or a thermal control chip enables Single
Insertion Multiple Temperature testing, which is the ability
to quickly change the set point temperature of the set of
thermal elements without having to handle, disturb, or
recontact the DUT or WUT.

[0022] The Preferred TCW Configuration. FIGS. 1 and 2
illustrate a preferred configuration of a TCW 1. FIG. 1 is a
top view and FIG. 2 is a side cross sectional view along line
A-A'. The TCW 1 includes a substrate 3 and a plurality of
solid state thermal elements 5. Preferably, the entire surface
of the TCW 1 is covered by the thermal elements 5, except
one or more peripheral regions containing input/output pads
6 and, optionally, related circuitry. For example, for non-
decoded array addressing of the thermal elements, the cir-
cuitry in the peripheral areas may be omitted. As noted
previously, while an entire TCW may be used as a thermal
control device, smaller thermal control devices, such as a
portion of a TCW or a thermal control chip may be used
instead, especially with DUTs that are smaller than a WUT.
A thermal control chip contains a plurality of thermal
elements 5 shown in FIG. 2.

[0023] Preferably, the substrate 3 is a semiconductor
wafer, such as a silicon or gallium arsenide wafer. However,
the substrate 3 may comprise another material other than
semiconductor, such as glass, sapphire, ceramic, high tem-
perature plastic or metal.

[0024] The thermal elements 5 are “solid state” in that
they contain only solid state devices formed by solid state
fabrication techniques, such as thin film deposition (i.e.,
chemical vapor deposition, sputtering, etc.), photolithogra-
phy and etching. Preferably, the thermal elements 5 com-
prise semiconductor devices. The thermal elements 5 are
located in and/or over the substrate 3 and are adapted to
provide thermal control to a DUT, such as a WUT. Prefer-
ably, the components of the thermal elements 5 are semi-
conductor devices formed in a silicon substrate 3. However,
the thermal elements 5 may contain thin film devices, such
as resistors and thin film transistors that are located on a
non-semiconductor substrate or separated from a substrate
by an insulating layer.

[0025] The thermal elements 5 are arranged in or over the
substrate 3 such that one or more, preferably two or more
thermal elements 5, such as ten or more elements 5, are
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adapted to provide thermal control to one die of the WUT.
It should be noted that a “die” is used synonymously with
“chip”, in that after testing, the WUT is diced and the dies
are separated into chips. Thus, when the TCW 1 contacts the
WUT, each die of the WUT is in thermal contact with at least
one and preferably at least two thermal elements 5. For
example, for a WUT containing 500 to 2400 die, the TCW
1 should contain at least 500 to 2400 thermal elements,
preferably at least 1000 to 4800 thermal elements 5. The
TCW may also be used with a DUT or WUT where the
device(s) are not arranged in a separate die layout. The
thermal elements 5 preferably extend nearly to the edge of
the TCW 1 such that the thermal elements 5 are present
outward of the die or device locations on the WUT.

[0026] Each solid state thermal element 5 comprises at
least one solid state heater 7, at least one optional solid state
temperature sensor 9, and at least one active control logic
circuit 11. The logic circuit 11 is adapted to control a thermal
output of the heater 7, preferably based on input from sensor
9.

[0027] The TCW preferably also contains optional thermal
isolation regions 13 which substantially thermally isolate
adjacent thermal elements 5 from each other. Adjacent
thermal elements 5 are “substantially thermally isolated”
when a thermal resistance between adjacent thermal ele-
ments is at least two times smaller than a thermal resistance
between the thermal reservoir, a first thermal element and
the adjacent WUT die. The isolation regions 13 may com-
prise air gap isolation trenches in the TCW substrate 1 that
separate adjacent substrate regions containing the solid state
thermal elements 5. If desired, the trenches may be filled
with low thermal conductivity material, such as silicon
dioxide or silicon nitride. Alternatively, the isolation regions
13 may comprise semiconductor regions of lower thermal
conductivity than the thermal elements 5. For example, the
isolation regions may comprise semiconductor substrate
(ie., Si or GaAs) regions with a disordered crystal lattice or
with an amorphous microstructure. Such regions may be
obtained by ion implantation damage without a subsequent
recovery anneal. Ions such as germanium, oxygen, argon
and other noble gas ions may be implanted at a high energy
and/or dose into the substrate 3 isolation regions 13 to create
implant damage.

[0028] The heaters 7 may comprise any solid state devices
that are capable of generating heat. Preferably, the heaters 7
comprise integrated circuit resistors. These may be any
resistors used in semiconductor devices, such as polysilicon
(such as undoped or oxygen doped polysilicon) or metal
resistors. The resistors 7 are preferably formed over an
interlayer insulating dielectric 13, such as silicon dioxide,
silicon nitride, BPSG, etc. The resistors 7 are connected to
the active control logic circuits 11 by metal or polysilicon
interconnects and electrodes 15 that pass through the dielec-
tric 13.

[0029] Alternatively, the heaters 7 may comprise heat
pumps which move heat from one region to another. For
example, they may comprise solid state thermoelectric or
thermionic devices. For example, a Peltier-type thermoelec-
tric device contains a PN junction of p-type and n-type
thermoelectric materials. The Peltier device generates heat
in one side of the junction and cools the other side of the
junction by making electric current flow through the junc-
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tion. Various thermoelectric materials may be used, such as
Bi—Te, Fe—Si, Si—Ge or Co—Sb series materials. These
materials may be doped as desired, such as Bi—Te doped
with cesium or other dopants, for example (see R. Colin
Johnson, EFE Times, Feb. 24, 2000, incorporated herein by
reference).

[0030] In a thermionic device, electrons are emitted from
a cold side electrode toward a hot side electrode upon an
application of a voltage between the electrodes. The elec-
trons carry energy away from the cold side electrode to the
hot side electrode. It has been reported by researchers at
University of California, Santa Barbara that thermionic
emission may occur over a band gap discontinuity in a
Si—Ge—C superlattice to remove heat from optical com-
ponents (see D. Vashaee, et. al., “Heterostructure Integrated
Thermionic Coolers,” available at the www.cse.ucsc.edu
website, incorporated herein by reference). Alternatively, an
electron field emission device using wide band gap materi-
als, such as diamond or Group III-Nitride material (i.e.,
GaN) deposited on Si or metallic substrates, may be used as
a heater. These materials have been reported by researchers
from Penn State University for in-situ cooling by pumping
heat away from localized hot spots on a cathode to an anode
that is in contact with a thermal bath, all on the same side of
the wafer (see Paul Cutler et. al., March 2001 APS meeting,
session W9, incorporated herein by reference).

[0031] Alternatively, the heaters 7 may comprise other
heat pumps, such as Stirling cooler microelectromechanical
devices. In these devices, gas is forced by piezoelectric
elements between two chambers separated by a porous plug
to extract heat from a first chamber and expel heat from the
second chamber.

[0032] The temperature sensors 9 may comprise any solid
state device that is adapted to measure its ambient tempera-
ture. For example, the temperature sensors 9 may comprise
CMOS or thermal diode temperature sensors formed in or
above the substrate 3. Sensors 9 are connected to circuits 11
by electrodes 15.

[0033] The active control logic circuits 11 may comprise
any suitable analog or digital logic circuits that are adapted
to control the heater 7 output. Digital logic circuits are
preferred. A simplified diagram of a thermal element 5 with
the details of a preferred logic circuit 11 is shown in FIG.
3. Other logic circuits may be used instead if desired.

[0034] The temperature measured by sensor 9 is provided
as a signal whose frequency is a function of the measured
temperature. The counter 21 provides a digital representa-
tion of the frequency. Element 23 applies calibration con-
stants to convert the measured frequency to a digital value
for the sensor temperature. Elements 9 and 21 provide the
only A/D conversion required.

[0035] The circuit 11 also contains a plurality of registers
25. The registers are connected via an external bus interface
(not shown in FIG. 3) to an external controller (not shown),
preferably located off the TCW 1. The external controller
proves the read/write commands to the circuit 11. The
register 25 functions are summarized in the table below.
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Register Name Register Function

Calibration Constants Provides coefficients in the T = f(frequency)
equation. Used internally to compute the local
temperature. Provides output to temperature
computing circuit element 23.

Stores signal frequency generated by the
temperature sensor 9. Receives input from
counter 21. Accessible to the external controller
for calibration purposes.

Stores computed local temperature provided by

Raw Frequency

Therm-el element

Temperature element 23. Available for external access.

Chuck Temperature Stores information regarding thermal chuck
temperature supplied by the external controller.
Used for computation of WUT temperature.

R; Stores vertical thermal resistance between WUT
device circuitry and thermal element 5 circuitry.

Ry Stores vertical thermal resistance between
thermal element circuitry 5 and the thermal
chuck.

P, Stores the ‘idling’ power dissipation of the
thermal element 5.

P1 Stores the thermal element power dissipation
coefficient:
P =P, + (P;) x (Heater Setting)

M Stores the thermal mass of the thermal element.

‘therm-el

WUT Temp. Setpoint
Extrapolated Twyr

Stores target or set point WUT temperature.
Receives computed temperature of the section of
the WUT immediately above the thermal element
S containing circuit 11.

Stores constants used for tuning the feedback
network.

In automatic mode this register holds the output
of the feedback PID controller. In manual mode,
it serves as the input to the heater controller.
Stores operating mode (i.e., automatic, manual,
etc.) of the thermal element 5 provided by the
external controller. In manual mode, heater 7
power is manually set, while sensors 9 and
circuits 11 are active. In automatic mode, heater
power is set by circuit 11.

Stores status bits (e.g. “Sensor Temperature out
of range”, etc.).

PID Constants

Heater Setting

Operating Mode

Status Register

[0036] The circuit 11 may contain other optional registers
25, such as Tg,. .0, 1imi Which provides protection against
overheating the thermal element 5. If the measured tempera-
ture exceeds a predetermined limit, then the thermal element
is shut down and the ‘over temperature’ status bit is set.
Another optional register may provides guard band limits on
extrapolated Ty, If limits are exceeded, a status bit is set.

[0037] Preferably, some or all register 25 values or data
are stored non-volatilely in the thermal elements 5. This
storage may be accomplished by adding a non-volatile
memory (i.e., mask ROM, EPROM, EEPROM, etc.) into
each thermal element 5. However, if desired, the register 25
data may be stored in a memory device located off the TCW
1 or in a central memory located in one portion of the TCW.
Alternatively, the register data may be recalculated and
reentered into the registers 25 rather than being stored in
memory.

[0038] The output of the “Chuck Temperature” to “M,, .~
«1” registers is provided into the Extrapolated Ty, circuit
element 27. Element 27 determines the extrapolated tem-
perature of the portion of the WUT located adjacent to
particular thermal elements 5. Element 27 makes this deter-
mination based on the local sensor temperature (provided by
element 23) and based on the data provided from the
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registers 25. Element 27 outputs the extrapolated WUT
temperature to the Extrapolated Ty, register and to the
error measurement circuit element 29.

[0039] The error measurement circuit element 29 com-
pares the extrapolated WUT die temperature to a set point
temperature stored in register 25 and determines if the
extrapolated WUT die temperature deviates from a set point
temperature by more than a certain amount, such as 1 to 3
degrees Celsius. Element 29 outputs a signal to a PID
controller 31 indicative of whether extrapolated WUT die
temperature deviates from the set point temperature by more
than the desired amount.

[0040] The PID feedback controller 31 receives signals
from elements 27 and 29, and determines if the heater 7
thermal output or temperature (which is a function of heater
power output) should be increased or decreased. The con-
troller 31 then sends a signal to a PWM heater controller 33
to change or maintain the heater 7 power output. It should
be noted that in the digital feedback control circuit, the PID
controller 31 regularly adjusts its output, regardless of the
magnitude of the error. For example, the instantaneous error
may equal to zero, but the time derivative of the error may
equal to non-zero. The derivative term of the loop equations
will still drive a corrective output term.

[0041] Each circuit 11 is adapted to actively control a
magnitude of the thermal output of a heater 7 located in the
same thermal element 5 on the substrate 3. If desired, each
thermal element § may contain two or more heaters 7. In this
case, one control circuit 11 is adapted to actively control a
magnitude of the thermal output of two or more heaters 7.

[0042] Since the TCW 1 contains a plurality of thermal
elements 5 containing heaters 7 and control circuits 11, each
circuit 11 allows independent control of the magnitude of the
thermal output of a respective heater 7 based on the esti-
mated temperature of a WUT region in thermal contact with
a respective thermal element 5. Thus, each WUT region may
be maintained at a temperature that differs from a set point
temperature by less than the desired amount.

[0043] The thermal output of the heaters 7 of the thermal
elements 5 may be continuously or intermittently adjusted
based on temperature measured by the plurality of tempera-
ture sensors 9. Continuous adjustment is preferred.

[0044] The plurality of thermal elements 5 are adapted to
provide different thermal outputs to maintain a WUT with
non-uniform spatial power dissipation during electrical test-
ing or burn-in processing at a substantially uniform tem-
perature during this testing. A substantially uniform tem-
perature varies by about 4° C. or less, preferably 2° C. or
less, across the WUT active area. Thus, the thermal elements
5 are controlled to minimize temperature gradients across
the active area of the WUT. The thermal elements 5 provide
complementary power dissipation to the WUT. For the WUT
die where power dissipation is small or absent (i.e., inop-
erative die or low power dissipation die), the adjacent
thermal elements 5 in contact with these die are maintained
at a high power (i.e., high temperature). For the WUT die
where power dissipation is high, the adjacent thermal ele-
ments 5 in contact with these die are maintained at a lower
power (i.e., lower temperature). Alternatively, if it is desir-
able to maintain different WUT die at different temperatures
during the electrical testing or burn-in processing, then the
thermal output of the heaters 7 in different thermal elements
may be adjusted accordingly.
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[0045] Likewise, the plurality of thermal elements 5 are
adapted to provide different thermal outputs to maintain a
WUT with non-uniform temporal power dissipation during
electrical testing or burn-in processing at a substantially
uniform temperature during this testing. As the power dis-
sipation of the WUT die increases and decreases over time,
the thermal output of the heaters 7 of the thermal elements
5 is complementarily adjusted over time to maintain the
WUT die at a substantially uniform temperature. Alterna-
tively, if it is desirable to vary the WUT die temperature over
time during the electrical testing or burn-in processing, then
the thermal output of the heaters 7 may be adjusted accord-

ingly.

[0046] The Preferred Thermal Control System. FIG. 4
illustrates a semiconductor wafer testing system 41 that
includes the TCW 1, according to a preferred embodiment of
the present invention. The system 41 includes a housing 43,
which contains the TCW 1, an electrical testing or burn-in
processing probe 45 and a thermal reservoir 47. Any suitable
housing 43 may be used.

[0047] The electrical testing or burn-in processing probe
45 is located opposite to a first side of the TCW 1, such that
a wafer under test (WUT) 49 location opening is created
between the TCW 1 and the probe 45. A first side of the
WUT 49 is placed in thermal contact with the TCW 1, while
the probe 45 makes an electrical connection with electrical
outputs on the second side of the WUT 49. If desired, the
system 41 may be used to test packaged and unpackaged
chips and other DUTs instead of WUTs 49. Preferably, the
probe 45 is located over the TCW 1. However, if desired, the
TCW 1 may be located over the probe 45, or the TCW 1 and
the probe 45 may be positioned in any configuration from
vertical to horizontal.

[0048] The probe 45 may comprise any probe suitable for
electrical testing or burn-in processing. Preferably, the WUT
is mounted with a full-wafer testing probe 45 contactor in a
‘cassette’ assembly that takes it through burn-in and elec-
trical testing. Preferably, the probe 45 is adapted to perform
simultaneous electrical testing or burn-in processing on a
plurality of die of an undiced WUT. Most preferably,
microspring contactors 51 are fabricated on, and are perma-
nently attached to the WUT 49. The probe 45 comprises a
wafer whose contact surface is an array of flat contact pads
that press against the free ends of the microspring contactors
51. After the WUT 49 is diced into chips, the microspring
contactors 51 remain on the chips and connect the chips to
the next level of package. One such probe 45 is provided by
FormFactor Inc., which calls such probes MicroSpring on
Silicon = Technology (“MOST”). Alternatively, the
microspring contactors 51 may be mounted on the probe
wafer 45 rather than on the WUT 49, provided that the WUT
49 has the complementary contact pads. Alternatively, an
indexing wafer prober may be used as the probe 45.

[0049] Thus, the system 41 provides a “wafer on wafer on
wafer” configuration, since the DUT is preferably a wafer
49, the probe 45 is preferably a wafer and the thermal control
device 1 is also a wafer. Most preferably, the three wafers
have about the same size, such that all die on the WUT 49
may be heated and tested at the same time.

[0050] The thermal reservoir 47 preferably comprises any
suitable thermal chuck. Preferably, a coolant fluid, such as
water, is provided into the thermal chuck through coolant
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hoses 52. Other thermal reservoirs, such as coolant pipes or
coolant vessels may be used instead. The thermal reservoir
47 is located in thermal contact with a second side of the
thermal control wafer 1 which does not contact the WUT 49.
In a preferred aspect of the present invention, the thermal
elements 5 are located on the second side of the TCW 1
which contacts the thermal reservoir 47. The thermal ele-
ments 5 provide thermal control to the WUT 49 through the
thickness of the TCW 1.

[0051] A central controller (not shown in FIG. 4) is
located remote from the thermal control wafer 1. The
controller may be a general or special purpose computer or
a logic chip, such as an ASIC. Preferably, the controller is
located outside of the housing 43. The controller is used to
provide control signals to the control circuits 11 located on
the thermal control wafer 1 through a thermal control cable
or wire 53. The electrical testing or burn-in control signals
are provided to the probe 45 through a tester cable 55. The
electrical testing or burn-in control signals may originate
from the same controller as the thermal control signals or
from a different controller, as desired.

[0052] The off-wafer controller may communicate with
the thermal elements 5 on the TCW 1 via the cable or wire
53 using any suitable method. Depending on the control
scheme, the communication may be real-time or near-real-
time. Direct input/output (“I/0”) to each individual thermal
element is possible, but expensive. Thus, a serial or parallel
I/O technique preferred.

[0053] One preferred communication technique is a serial
shift scheme, such as a JTAG or a similar technique. Each
thermal element has at least one shift register, and preferably
more than one shift register for JTAG. The thermal elements
are serially connected in one or more ‘daisy chains’ con-
necting the shift registers. A small number of global control
signals govern the operation of the shift chains. The advan-
tage of this technique is that it is based on a mature
technology with standard on-wafer and off-wafer compo-
nents, and that it minimizes I/O to the TCW.

[0054] Alternatively, an array addressing technique may
be used instead. In this technique, the TCW is spanned with
an array of Row Select and an array of Column Select lines.
Each thermal element has a Row Select and a Column Select
input. A data bus, such as a modest 8-10 bit bus, spans the
entire TCW, tying into each thermal element. These lines
and the bus are used to activate and deactivate the thermal
elements, convey setpoints and calibration constants, query
temperature and status and perform other functions.

[0055] 1t is desirable to minimize the number of electrical
I/O to the TCW. For example, Row and Column address
decoders on the TCW can address a 128x128 array with
7+7=14 1/O, as compared to the 256 I/O required for
non-decoded addressing. The use of a third addressing
dimension also cuts the required number of I/O in a non-
decoded scheme. For an NxN square array of elements, the
number of required I/O is minimized if each addressing axis
has N*? bits. For example a 128x128 array may be
addressed with 77 I/O instead of the 256 I/O required in two
dimensional addressing. The elements can be arranged in 25
groups, each group having 26 rowsx26 columns. This
grouping of elements can be advantageous when large
segments of the TCW must be addressed simultaneously.
Since the TCW surface is covered by thermal elements that
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correspond to all WUT die or devices, the decoders are also
preferably located at the periphery of the TCW adjacent to
the I/O pads 6.

[0056] If desired, additional measures may be taken to
reasonably minimize noise generation in the TCW. These
measures may include counterwound resistor heaters 7 to
minimize radiation, tuning rise and fall time for the heater
current, shielding by ground and/or power planes and run-
ning the heater off a relatively high (for example 50V)
voltage supply to minimize current switching.

[0057] The Preferred DUT Temperature Control Methods.
A method of testing a DUT using a wafer testing system 41
will now be described with respect to FIG. 8. A first side of
a DUT, such as a back side of a WUT 49, is placed in thermal
contact with a first side of a thermal control substrate, such
as the TCW 1 or a thermal control chip (step 61). The second
side of the thermal control substrate is placed in contact with
the thermal reservoir 47. An electrical testing probe 45 is
placed in contact with a second surface of the DUT 49 (step
63). Electrical and/or burn-in testing of the DUT is then
performed (step 65), while heating the DUT 49 using the
solid state thermal elements 5 on the TCW to provide a
substantially uniform spatial and/or temporal temperature
profile for the DUT (step 67), even when the unheated DUT
has a non-uniform spatial or temporal temperature or power
dissipation during the testing.

[0058] Any suitable thermal element control method may
be used to set and adjust the heater temperature. The control
algorithm preferably makes use of directly measured or
indirectly inferred information of the thermal or power
dissipation behavior of the WUT. In a first preferred embodi-
ment, the algorithm uses extrapolated WUT temperatures.
The WUT temperatures are extrapolated based on measured
thermal element temperatures and a calibrated thermal
model of the WUT/TCW/reservoir system.

[0059] Inasecond preferred embodiment, the method uses
anticipated WUT power dissipation over time. The particu-
lar WUT die or device temperatures are assumed to vary
proportional to the power dissipation by the particular die or
device. The temporal (i.e., time) profiles of thermal element
heater powers are stored in memory and then applied, based
on anticipated WUT power dissipations. It is assumed that
WUT device or die power dissipation can be realistically
modeled as a piecewise constant. In a third preferred
embodiment, the method uses direct feedback of the actual
WUT device or die temperature. This embodiment requires
a WUT containing temperature sensors located on the WUT
itself. In a fourth preferred embodiment, the method uses
direct feedback of the actual WUT device or die power
dissipation. This embodiment requires feedback from the
electrical testing or burn-in system. In a fifth preferred
embodiment, the thermal control elements are simply set to
a predetermined temperature.

[0060] The Method Of The First Embodiment. The ther-
mal element control method according to the first preferred
embodiment will now be described with respect to FIG. 9.
The WUT temperature is extrapolated using a simplified
thermal model. This method includes individually measur-
ing a temperature of thermal elements 5 using temperature
sensors 9 located on the TCW 1 (step 71), and extrapolating
the temperature of the adjacent WUT region from these
measurements (step 75). The temperature is preferably con-
trolled in a closed feedback loop for each thermal element.
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[0061] The measured temperature data is provided to the
plurality of logic circuits 11 (step 73). Preferably, each
temperature sensor 9 provides data to the circuit 11 located
in the same thermal element 5, as described with respect to
FIG. 3 above. The temperature sensor 9 output, a continuous
waveform whose frequency varies with temperature, is
provided into a counter 21 of the circuit 11. The counter 21
measures the frequency of the signal from element 9. The
counter’s output is provided into a temperature computing
circuit element 23. Element 23 provides a digital represen-
tation of the temperature of the sensor.

[0062] The circuit 11 determines if the temperature of the
adjacent region of the WUT deviates from a set point
temperature by more than a given amount, such as 1-3
degrees Celsius (step 77 in FIG. 9). Specifically, the
extrapolated Ty, element 27 determines the extrapolated
temperature of the WUT region located adjacent to the
thermal element 5. The error measurement circuit element
29 compares the extrapolated WUT die temperature to a set
point temperature stored in register 25 and determines if the
extrapolated WUT die temperature deviates from a set point
temperature by more than a desired amount, such as 1 to 3
degrees Celsius. Element 29 outputs a signal to a PID
controller 31 indicative of whether extrapolated WUT die
temperature deviates from the set point temperature by more
than the desired amount.

[0063] The PID feedback controller 31 receives signals
from elements 27 and 29, and determines if the heater 7
thermal output or temperature (which is a function of heater
power output) should be increased or decreased. The con-
troller 31 then sends a signal to a PWM heater controller 33
to change or maintain the heater 7 power output. It should
be noted that the PID controller 31 regularly updates the
PWM heater controller 33, and generally does not have a
threshold limit on the temperature error term.

[0064] Thus, the TCW 1 independently controls the mag-
nitude of the thermal output of the plurality of the solid state
heaters 7 based on the measured temperature to maintain the
WUT die at a first temperature that differs from a set point
temperature by less than the predetermined amount (step 79
in FIG. 9). The measured temperature data is continuously
provided to a plurality of logic circuits 11, which continu-
ously individually control the magnitude of the thermal
output of one or more heaters 7 located in a same thermal
element 5 as a given logic circuit 11.

[0065] FIG. 5 schematically illustrates a simple two
dimensional model of a TCW 1 sandwiched between a WUT
49 and an isothermal thermal chuck 47. The wafers 1, 49 are
subdivided into sections (i-1, i, i+1) corresponding to indi-
vidual thermal elements on the TCW 1. These sections are
interconnected by thermal resistances. The symbols in FIG.
5 are summarized in the table below.

The thermal resistance from the top side of a WUT 49
section (where the tested devices or die lie) to the
bottom side of the corresponding TCW 1 section (where
the thermal elements reside). It includes the thermal
resistance of the bulk wafer material (such as silicon,
GaAs, ete.) in the WUT and the TCW, plus the contact
resistance between the two wafers.
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-continued

Ry The thermal resistance from the bottom side of the TCW
1 section to the thermal chuck 47, (i.e., essentially the
contact resistance between the two).

Ryyrand The section-to-section lateral thermal resistance in the

Rocw two wafers 1, 49.

Pywuri The power dissipated in the ith WUT section.

Pinerm-eLi The power dissipated by the ith thermal element 5,
including both the normal operating power and the
power provided to the heater 7.

Twuyriand  The temperatures of the i™ WUT section and TCW

Tsensori section (i.e. Tgensor; 18 the temperature measured by
sensor 9 located in the thermal element).

Myyrand  The heat capacities of a WUT 49 section and of a

Miperm-et thermal element 5, respectively.

[0066] The power dissipated by each thermal element,
o is controlled to maintain all the Ty at a substan-
tially fixed setpoint temperature, T,,. For the purposes of
simplifying the algorithm, the horizontal heat flows can be
ignored in a preferred embodiment where the WUT 49
contains a plurality of die or devices, where all the Ty,p;
are approximately the same, regulated to be at Tg,,. Hence
the heat flows through the Ry, are nearly zero. Further-
more, the TCW 1 preferably contains isolation regions 13
which substantially thermally isolate adjacent thermal ele-
ments 5 from each other. Hence, negligible heat flows
through the horizontal TCW resistances Ry, because the
Rrcw are large in comparison to the vertical resistances R,
and R,, even when the temperatures of different thermal
elements, T are not equal.

Sensor,i»

[0067] Another simplifying assumption is that there is
negligible heat flow from the WUT 49 to the ambient. With
these simplifying assumptions, each vertical section can be
treated independently, and its behavior can be described
following the method provided in U.S. Pat. No. 5,844,208
using the following two basic thermal relationships. The first
relationship is that the heat flowing from one object to
another (P) is proportional to the difference in their tem-
peratures, P=AT/R, where R is the thermal resistance
between the two objects. The second relationship is that the
net heat (Py.,) flowing into an object causes the object’s
temperature to change at a rate inversely proportionally to
the thermal mass of the object

T:PNer.
M

[0068] The net heat flow equation for each thermal ele-
ment 5 is provided by equation (1):

M

Prherm—etner =

Tcnuck = Tsensor
Ry

Twur = Tswnsor N
R;

Mrnerm-etTsensor = + Proerm—et

[0069] Equation (1) can be rewritten as equation (2) to
prove an estimate for the temperature of a given WUT
section, Ty
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@

Tsensor = Tcnuck

Twur = Tsensor + Re| Mnerm—etT sensor + R
)

- PThermfel]

[0070] The power to the heater 7 in a given thermal
element 5 is modulated make the error term, E, as close to
zero as possible:

E=Twyr —Tser = 3
. Tsensor = Tchuck
Tsensor = Tser + Re| Mnerm—et T sensor + %buc - PThermfel]
[0071] The thermal element temperature, Tg,, ., iS moni-

tored and its time derivative is computed. The set point and
chuck temperature Ty, Topyer, are known and it is assumed
that the chuck is well calibrated for temperature. The ther-
mal element power dissipation, Py, ;> 1S determined after
a calibration. Hence, equation (3) is used as a basis of the
control algorithm. For example, whenever Ty, differs
from T, by more than a given amount, such as 1-3 degrees
Celsius, for example, (ie., E>3) the heater 7 power is
modulated until EZ3. The value of the error term E may be
selected by the user based on the desired degree of tem-
perature control.

[0072] The constants in equation (3) may be determined
from a calibration as follows. The thermal element heater
power dissipation can be calibrated by putting a thermal
element in its ‘manual’ mode of operation (heater power is
manually set, while the temperature sensors 9 and tempera-
ture control circuits 11 are active). The power provided by
the off-wafer heater power supply is monitored as a function
of the heater setting. The ‘idle’ power dissipation (no power
dissipation in the heater) of a thermal element can be
measured by putting the thermal element in its manual mode
and monitoring the power provided by the off-wafer logic
power supply.

[0073] The TCW temperature sensors 9 can be calibrated
and R, can be determined by the following method. The
thermal elements are placed in the ‘manual’ mode and the
thermal chuck temperature is set. The sensor frequency,
fgensors (assuming the use of a temperature to frequency
sensor described above) is measured against P, ., for
various heater power settings and then extrapolated to
P oim.oi=0 to determine the frequency of the sensor for a
given chuck temperature, fg., o (Tcnua)- These steps are
then repeated for other chuck temperatures. Then, the coef-
ficients of the T(f.,..,) relationship are extracted. With the
these coefficients available, the fg.,.,, VS. Ppeime data

vs

determined previously is plotted as a line on a T,
P, . plot. The slope of this line is R,

Sensor

[0074] R,is generally not measured in situ unless the WUT
has calibrated temperature sensors and a means to monitor
power dissipation. R, may be determined using several
methods. For example, it may be assumed that the contact
resistance from WUT to TCW is the same as that from TCW
to the chuck. Then, R, is equal to R, plus the combined bulk
thermal resistances of the WUT and the TCW. Alternatively,
the WUT is replaced with a with a calibrated TCW. Then the
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upper and lower TCW temperatures are monitored while
controlling the power input to the upper TCW. The slope of
the AT vs P line is R,. This method assumes the TCW-to-
TCW interface closely approximates the WUT-to-TCW
interface.

[0075] The thermal mass of a thermal element, M, ., ., is
preferably the same for all thermal elements on a given
TCW, and most preferably on all TCWs. This thermal mass
can be estimated based on the specific heat of the constituent
materials and the geometry of the thermal element. Alter-
natively, the thermal mass can be measured by thermally
isolating a TCW and measuring Ty, before and after the
application of a known amount of heat through the heater.

[0076] The thermal element control method according to
the first preferred embodiment (i.e., the extrapolated WUT
temperature method) is advantageous for several reasons.
First, it does not require assumptions on the time depen-
dence of the WUT power dissipation. Second, it does not
require a map of active/inactive WUT devices. However,
such a map would be beneficial when only a portion of the
WUT undergoes simultaneous testing. In this case, only the
thermal elements immediately under and bordering active
WUT devices are activated, thereby reducing the total
system heat load. Third, the method does not require syn-
chronization signals from the test system and allows a fairly
simplified control algorithm with all thermal elements inde-
pendent of each other. Fourth, the control method can easily
be adjusted to regulate the local, thermal element tempera-
ture instead of regulating the extrapolated WUT tempera-
ture. As seen in equation (3) above, if R, is set to zero, then
the error term of the control loop, E, is simply Tg.p.0,— Tser
Fifth, thermal element alignment with die or devices on the
WUT is not critical. The thermal element simply attempts to
keep that portion of the WUT immediately adjacent to it at
a fixed temperature, regardless of whether that part of the
WUT is dissipating power. However, it may be advanta-
geous to establish a mapping from thermal element to WUT
die or devices in order to notify the test or burn-in system
which WUT die or devices had thermal elements that
reported failure (overheat, outside allowed range, etc).

[0077] The Method Of The Second Embodiment. The
thermal element control method according to the second
preferred embodiment will now be described with respect to
FIG. 10. This method uses stored profiles of WUT power
dissipations (step 81) to control the thermal output of the
thermal elements (step 83). In this preferred embodiment, it
is assumed that the power dissipation of the active WUT
devices can be reasonably represented as piecewise constant
in time and that the electrical testing or burn-in system can
provide a synch signal to indicate the transition from one
segment to the next segment of the piecewise constant
power dissipation curve. The control method of the second
preferred embodiment is simpler than the method of the first
embodiment because it may be operated in open loop instead
of closed loop control. Furthermore, if desired the active
control circuits 11 and the temperature sensors 9 of the
thermal elements 5 may be replaced with passive control
circuits, thus simplifying the thermal element 5 structure and
operation.

[0078] Given the above assumptions, and an assumed/
measured relationship of R, and R, described with respect to
the first embodiment, the thermal elements may be regulated
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in order to minimize temperature gradients across the active
area of the WUT 49. The thermal elements § provide
complementary power dissipation where WUT dissipation is
small or absent. Each thermal element 5 is pre-programmed
with a sequence of desired heater powers. During testing, the
test or burn-in system provides a synch signal to the thermal
control system 41 each time the test power dissipation
transitions from one constant power level to another. The
thermal control system broadcasts the synch signal to the
thermal elements, which change their heater 7 power accord-
ing to the pre-loaded sequence.

[0079] One method of determining power profiles relies
on a precursor sequence run by the test or burn-in system.
During the precursor sequence, all the thermal elements are
set to zero heater power and the WUT die or devices are
operated at a constant power. The temperatures of all ther-
mal elements that are in the region of interest are measured
and acquired by the off-wafer thermal system controller.
Based on a thermal model of the WUT/TCW/chuck system
shown in FIG. 5 or another similar model, the thermal
system controller computes, for each thermal element, the
heater power required to keep the WUT temperature uniform
across the region of interest. This computation may be
performed off TCW and does not need to be performed in
real time. Once the thermal element heater powers are
determined from the precursor sequence, the heater powers
for the various segments of the piecewise continuous power
vs. time curve are scaled proportionally against the precursor
results.

[0080] In another method determining power profiles, a
wafer map rather than the precursor test sequence is used. In
this method, a uniformity of power dissipation across the
active WUT die or devices is assumed. A mean value of
device power dissipation for the various test segments is
provided from the test system or customer database, based
on prior parametric measurements. The thermal element
power profiles are computed using the wafer map of active/
inactive die or devices on the WUT and a map of WUT die
or device locations versus TCW thermal element locations.

[0081] The following specific examples of the method of
the second preferred embodiment are provided to illustrate
the method, and should not be considered as being limiting
on the scope of the invention.

[0082] The first example is a particularly simple case of
uniform constant power dissipation (Py) in the active WUT
die or devices, zero power in the inactive WUT die or
devices, R=R, =R, and negligible lateral heat flows in the
WUT and the TCW. The inactive WUT devices are com-
pensated for by dissipating 2xP, in the thermal elements
immediately adjacent (i.e., below) the inactive devices, and
dissipating no power in the thermal elements immediately
below active WUT devices. This temperature profile pro-
vides a substantially uniform temperature profile across the
WUT because, for an active device, the temperature standoff
above the chuck temperature is Pox(R+R;)=2P,R. For an
inactive device in equilibrium, there is no heat flow from the
WUT to the TCW in this case. Hence the WUT device
temperature is the same as the thermal element temperature,
which, by virtue of its power dissipation of 2P, is just
(2Py)xR,=2P,R above the chuck temperature.

[0083] A second example is a finite element thermal
simulation using the Icepak™ simulation program. The



US 2005/0007136 Al

simulation was used to run equilibrium thermal simulations
of a 5 rowx6 column array of abutting WUT devices, all
having 5 mmx5 mm (0.2 inx0.2 in) dimensions. In the
simulation, the WUT devices are located on the top surface
of the WUT and the thermal elements are located on the
bottom surface of the TCW. The WUT rests on the TCW,
which rests on an isothermal surface (representing the
thermal chuck). Both the WUT and the TCW are modeled as
30 mil thick bulk silicon wafers with bulk thermal conduc-
tivity of 180 W/(m ° C.). The contact resistances between
WUT and TCW and between the TCW and the thermal
chuck are assumed to be the same, at 1.0 (° C. cm?)/W,
uniformly distributed across the 30 mmx25 mm contact
areas. All devices are active except for the left column
(column 1) and the device centered in the remaining 5x5
array (row 3, column 4), as illustrated in FIG. 6. Active
devices in the simulation dissipate 10 W/cm?, with the
power distributed uniformly within the device area. Thermal
elements are modeled as having the same size (5 mmx5 mm)
as the WUT devices, and lying directly beneath them. Any
power dissipated by a thermal element is distributed uni-
formly within the thermal element’s area.

[0084] Two simulations were performed. The first simu-
lation simulated an active TCW lying between the WUT and
the isothermal thermal chuck (i.e., an example according to
the second preferred embodiment). The second simulation
simulated a WUT located directly on an isothermal thermal
chuck (i.e., a comparative example). The thermal elements
lying directly beneath the inactive WUT devices dissipate 20
W/cm?. The thermal elements lying beneath active WUT
devices are set to zero power dissipation. The thermal chuck
is set at 100 degrees. Simulation results are shown in FIG.
7. Surface temperature of the WUT is plotted against the x
coordinate for a horizontal line running through the center of
the central inactive device in row 3, column 4. The lower
line illustrates the comparative example, and the upper line
illustrates the example with the TCW.

[0085] The regions of interest in FIG. 7 are those intervals
corresponding to active devices, i.e., devices in row 3,
columns 2, 3, 5 and 6. The active device or die bordering the
inactive column (Column 2 in FIG. 6 and “Chip”2 in FIG.
7) displays the largest temperature gradient and deviation
from the mean. In the comparative example (lower line)
there is a 3.5° C. drop across this device and temperature
range of 5.1° C. across all active devices. Note that the
temperature standoff is approximately half that of the TCW
curves. This is to be expected, since the resistance to the
thermal chuck is about half the TCW case.

[0086] In the active TCW simulation (upper line in FIG.
7), the worst-chip gradient is reduced to 1.2° C. (chip 3) and
the temperature spread across all the active chips is 1.7° C.
Thus, a more than 100% improvement in reducing the
temperature gradients across the WUT was observed in the
simulation. It should be noted that this result is achieved
without ‘tuning’ the power dissipation of the thermal ele-
ments. Those under inactive devices were simulated as being
on at full power at 20 W/cm?, and those under active devices
were completely off. Better results could be achieved by
‘tapering’ the thermal element power dissipation at the
border regions.

[0087] The Method Of The Third Embodiment. The ther-
mal element control method according to the third preferred
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embodiment will now be described with respect to FIG. 11.
This method uses direct feedback of WUT device tempera-
ture. In this embodiment, the temperature sensors are located
directly on the WUT, preferably in each WUT die. In this
embodiment, a physical mapping of WUT sensor to TCW
thermal element is established. Then the thermal element
heater powers are modulated to maintain a set point or target
temperature based on measurements made by the WUT
sensors (steps 91, 93).

[0088] The direct WUT temperature feedback temperature
control method is more accurate than the methods of the first
and second embodiments because it does not rely on thermal
models and extracted parameters. Furthermore, the thermal
elements may be simplified, such as thermal elements hav-
ing a passive control circuit and no temperature sensors.
Since the feedback originates from off the TCW, the WUT
temperature values may be sent to the active control circuits
in the thermal elements which adjust their heater power.
Alternatively, the next set of thermal elements heater powers
may be computed off the TCW and the downloaded to the
thermal elements. However, the disadvantages of direct
WUT temperature feedback method is that it requires dedi-
cated real estate and electrical I/O on the WUT for the
temperature sensors, and system response time is increased,
especially for large numbers of thermal elements on the
TCW.

[0089] The Method Of The Fourth Embodiment. The
thermal element control method according to the fourth
preferred embodiment will now be described with respect to
FIG. 12. This method uses direct feedback of WUT device
power dissipation. In this method, the WUT power dissipa-
tion is determined (step 101) and the heating of the WUT by
the thermal elements is adjusted based on the determined
WUT power dissipation (step 103). This “power following”
temperature control method for thermal control of single
packaged devices undergoing test is disclosed in PCT Appli-
cation PCT/US99/15846 filed on Jul. 14, 1999, which cor-
responds to U.S. application Ser. No. 09/352,760, filed Jul.
14, 1999, both incorporated herein by reference in their
entirety.

[0090] In the single device power following mode
described in these applications, an isothermal heater and
thermometer are connected to the DUT through a thermal
resistance R, and to a thermal reservoir through a thermal
resistance R,. The test system provides a signal to the
control system that is proportional to the power Pryr
dissipated in the DUT. The control system regulates the
amount of power dissipated in the heater in order to maintain
T +R XPr at a setpoint.

[0091] This technique may be extended for wafer-level
temperature control using the TCW. A WUT die or device
power dissipation for each die or device in the WUT area of
interest and an accurate positional mapping from WUT die
or devices to the thermal elements is provided. The thermal
control logic circuitry could be placed either on or off the
TCW. If the logic circuits 11 are located in each thermal
element, then the information about power dissipated by
each WUT device is distributed among the appropriate
thermal elements by a central controller. Preferably, the
controller is located off the TCW and is embedded in
software rather than hardware.

[0092] The controller reads from the TCW the tempera-
tures of the thermal elements lying adjacent to a particular

Heater
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die or devices of the WUT. The controller further obtains the
power of these WUT die or device from the test or burn-in
system. The controller computes the required heater power
and apportions it among the thermal elements. The control-
ler then downloads the heater power data to the thermal
elements.

[0093] One advantage of direct WUT power feedback
method is that controlling Tg....,+RXPpur introduces a
‘feedforward’ aspect in the control algorithm, such that the
heater power responds directly to a change in WUT die or
device power. Thus, faster response times are possible
because there is no need to wait for a change in the WUT die
or device power to manifest itself in a change in Tg,,,.,-
Another advantage is that the thermal element structure may
be simplified because active control logic circuits are not
required for each thermal element.

[0094] The method of the fifth preferred embodiment. The
method of the fifth preferred embodiment is a simplification
of the first embodiment. The physical setup is the same as for
extrapolated temperature control of the first embodiment
shown in FIG. 4, with the thermal control wafer or chip
sandwiched between the WUT (or DUT) and a thermal
reservoir, such as the thermal chuck. In this embodiment, all
the active elements of the TCW (or the thermal control chip)
are programmed to hold themselves at a constant tempera-
ture. From the point of reference of the WUT (or DUT), the
TCW (or the thermal control chip) in this mode emulates a
thermal chuck, but with the added ability to eliminate
localized heating of the chuck surface by the WUT (or
DUT). Compared with the first embodiment, the control
circuitry can be simplified because there is no need to
compute an extrapolated WUT temperature.

[0095] The foregoing description of the invention has been
presented for purposes of illustration and description. It is
not intended to be exhaustive or to limit the invention to the
precise form disclosed, and modifications and variations are
possible in light of the above teachings or may be acquired
from practice of the invention. The drawings and description
were chosen in order to explain the principles of the inven-
tion and its practical application. It is intended that the scope
of the invention be defined by the claims appended hereto,
and their equivalents.

1. A solid state thermal control device, comprising:
a substrate; and

a plurality of substantially thermally isolated solid state
thermal elements on the substrate adapted to provide
thermal control to a device under test (DUT);

wherein each solid state thermal element comprises:
(a) at least one solid state heater; and

(b) a control circuit adapted to control a thermal output
of the solid state heater.

2. The device of claim 1, wherein:
each solid state thermal element comprises:
(a) at least one solid state heater; and

(b) a control circuit adapted to control a thermal output
of the solid state heater;
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the substrate comprises a semiconductor wafer;

the thermal elements are arranged in or over the semi-
conductor wafer such that one or more thermal ele-
ments are adapted to provide thermal control to each
die of a wafer under test; and

the control circuit comprises an active semiconductor

logic control circuit.

3. The device of claim 2, wherein the heaters comprise
integrated circuit resistors.

4. The device of claim 2, wherein the heaters comprise
solid state thermoelectric or thermionic devices.

5. The device of claim 2, wherein the heaters comprise
microelectromechanical heat pumps.

6. The device of claim 2, further comprising at least 1000
thermal elements on the substrate.

7. The device of claim 2, wherein a first active control
circuit is adapted to actively control a magnitude of the
thermal output of a first heater located in a same first thermal
element as the first active control circuit.

8. The device of claim 7, wherein the plurality of thermal
elements are adapted to provide different thermal outputs to
maintain the DUT with a non-uniform spatial power dissi-
pation during electrical testing or burn-in processing at a
substantially uniform temperature during the electrical test-
ing or burn-in processing.

9. The device of claim 7, wherein the thermal control
device is adapted to provide thermal control for different
types of DUTs undergoing electrical testing or burn-in
processing independent of spatial or temporal variation in
DUT power dissipation during the testing.

10. The device of claim 7, wherein the first active control
circuit is adapted to actively control a magnitude of the
thermal output of the first heater and of a second heater
which are located in the first thermal element.

11. The device of claim 2, further comprising a solid state
temperature sensor located in the plurality of thermal ele-
ments.

12. The device of claim 11, further comprising a plurality
of thermal isolation regions which substantially thermally
isolate adjacent thermal elements, wherein the isolation
regions comprise at least one of air gap isolation trenches,
trenches filled with low thermal conductivity material or
semiconductor regions of lower thermal conductivity than
the thermal elements.

13. The device of claim 11, wherein the plurality of
thermal elements are adapted to be set to a single predeter-
mined temperature.

14. The device of claim 1, wherein: the substrate com-
prises a portion of a semiconductor wafer, and the thermal
elements are arranged in or over the portion of the semi-
conductor wafer such that two or more thermal elements are
adapted to provide thermal control to a device under test
which comprises a packaged semiconductor device, an
unpackaged semiconductor die or a portion of a wafer under
test.

15. The device of claim 11, wherein the active control
circuits are adapted to continuously adjust the thermal
output of the heaters based on temperature measured by the
plurality of temperature sensors.

16. The device of claim 1, wherein the control circuits are
adapted to adjust the thermal output of the heaters based on
temperature measured by a plurality of second temperature
sensors located on the DUT.
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17. The device of claim 1, wherein the control circuits are
adapted to adjust the thermal output of the heaters based on
determined DUT power dissipation.

18. The device of claim 1, wherein the active control
circuits are adapted to adjust the thermal output of the
heaters based on a stored profile of DUT power dissipation.

19-29. (Cancelled).

30. A semiconductor wafer testing system, comprising:

(a) thermal control wafer, comprising:
a semiconductor wafer substrate;

a plurality of solid state thermal elements on the
substrate adapted to provide thermal control to a
wafer under test (WUT), wherein each thermal ele-
ment comprises at least one solid state heater and a
control circuit adapted to control a thermal output of
the solid state heater;

(b) an electrical testing or burn-in processing probe
located opposite a first side of the thermal control
wafer, such that a wafer under test (WUT) location
opening is created between the thermal control wafer
and the probe; and

(c) a thermal reservoir located in thermal contact with a
second side of the thermal control wafer.
31. The system of claim 30, wherein:

the thermal elements are arranged in or over the substrate
such that one or more thermal elements are adapted to
provide thermal control to one die of the WUT; and

the control circuits comprise active semiconductor logic

control circuits located in or over the substrate.

32. The system of claim 31, wherein the heaters comprise
at least one of integrated circuit resistors, solid state ther-
moelectric or thermionic devices and microelectromechani-
cal heat pump devices.

33. The system of claim 32, further comprising at least
1000 thermal elements on the substrate.

34. The system of claim 31, wherein each active control
circuit is adapted to independently control a magnitude of
the thermal output of a heater in a same thermal element,
such that the plurality of thermal elements provide a differ-
ent amount of thermal output to maintain the WUT with a
non-uniform spatial power dissipation during electrical test-
ing or burn-in processing at a substantially uniform tem-
perature during the electrical testing or burn-in processing.

35. The system of claim 34, wherein the system is adapted
to provide thermal control for different types of WUTs
undergoing electrical testing or burn-in processing indepen-
dent of spatial or temporal variation in WUT power dissi-
pation during the testing.

36. The system of claim 30, further comprising a plurality
of solid state temperature sensors located in the plurality of
thermal elements.

37. The system of claim 36, further comprising a plurality
of thermal isolation regions which substantially thermally
isolate adjacent thermal elements.

38. The system of claim 37, wherein a thermal resistance
between adjacent thermal elements is at least two times
larger than a thermal resistance between the thermal reser-
voir and a first thermal element, and at least two times larger
than a thermal resistance between the first thermal element
and a WUT located in the WUT location opening.
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39. The system of claim 36, where the control circuits are
adapted to actively adjust the thermal output of the heaters
based on temperature measured by the temperature sensors.

40. The system of claim 39, wherein the control circuits
are adapted to convert the measured temperature to a first
signal whose frequency is a function of the measured
temperature.

41. The system of claim 30, where the control circuits are
adapted to adjust the thermal output of the heaters based on
one of:

i) a temperature measured by a plurality of temperature
sensors located on the WUT;

ii) a determined WUT power dissipation; or

iii) a stored profile of WUT power dissipation.

42. The system of claim 39, wherein the control circuits
are adapted to extrapolate WUT die temperature from the
first signal and to adjust the thermal output of the heaters
based on comparing the extrapolated WUT die temperature
to a set point temperature.

43. The system of claim 42, further comprising:

a housing in which the thermal reservoir which comprises
a thermal chuck, the thermal control wafer and the
testing probe are located; and

a central controller located remote from the thermal
control wafer, which is adapted to control the control
circuits located on the thermal control wafer.

44. A method of testing a DUT, comprising:

placing a first side of a DUT in thermal contact with a
thermal control substrate containing a plurality of solid
state thermal elements;

placing an electrical testing probe in contact with a second
surface of the DUT,;

performing electrical testing or burn-in processing of the
DUT, wherein the DUT in an unheated state has at least
one of a non-uniform spatial and temporal temperature
or power dissipation during the testing; and

heating the DUT using the solid state thermal elements
such that the DUT has a substantially uniform respec-
tive spatial, temporal or spatial and temporal tempera-
ture profile during testing.

45. The method of claim 44, wherein:

the thermal control substrate contacts a thermal reservoir;

the thermal control substrate comprises a semiconductor
wafer containing at least 1000 thermal elements in or
above its surface;

the thermal elements comprise at least one solid state
heater and an control circuit;

the DUT comprises a semiconductor wafer under test
(WUT);

at least one thermal element is located in thermal contact
with a first region on the WUT; and

the at least one thermal element provides a substantially
uniform spatial or temporal temperature profile for the

first region.
46. The method of claim 44, wherein the thermal elements
provide a substantially uniform spatial temperature profile
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across the WUT having a non-uniform spatial temperature or
power dissipation during electrical testing or burn-in pro-
cessing.

47. The method of claim 44, wherein the thermal elements
provide a substantially uniform temporal temperature profile
across an active area of the WUT having a non-uniform
temporal temperature or power dissipation during electrical
testing or burn-in processing.

48. The method of claim 44, wherein the thermal elements
provide a substantially uniform spatial and temporal tem-
perature profile across an active area of the WUT having a
non-uniform spatial and temporal temperature or power
dissipation during electrical testing or burn-in processing.

49. The method of claim 45, further comprising:

individually measuring a temperature of thermal elements
using temperature sensors located in the thermal ele-
ments;

providing measured temperature data to active logic cir-
cuits located in the thermal elements;

extrapolating individual WUT region temperature from
the measured temperature of the thermal elements;

determining if the extrapolated temperature of at least one
WUT region deviates from a set point temperature by
more than a first amount; and

independently controlling the magnitude of the thermal
output of the plurality of the solid state heaters located
in the thermal elements.

50. The method of claim 49, wherein the measured
temperature is continuously provided to a plurality of logic
circuits located on the thermal control substrate, which
continuously individually control the magnitude of the ther-
mal output of one or more heaters located in a same thermal
element as a given logic circuit.

51. The method of claim 50, wherein the measured
temperature is converted to a first signal whose frequency is
a function of the measured temperature.
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52. The method of claim 44, wherein:

the thermal control substrate comprises a portion of a
semiconductor wafer;

the DUT comprises a portion of a semiconductor wafer
under test, a packaged semiconductor device or an
unpackaged semiconductor die; and

at least two thermal elements are located in thermal
contact with the DUT and provide a substantially
uniform spatial or temporal profile for the DUT.

53. The method of claim 44, further comprising changing
a set point temperature of the thermal elements without
handling, disturbing, or recontacting the DUT.

54. The method of claim 44, further comprising measur-
ing DUT temperature using a plurality of temperature sen-
sors located on the DUT and adjusting the heating of the
DUT by the thermal elements based on the measured tem-
perature.

55. The method of claim 44, further comprising deter-
mining DUT power dissipation and adjusting the heating of
the DUT by the thermal elements based on the determined
power dissipation.

56. The method of claim 44, further comprising storing a
DUT power dissipation profile and adjusting the heating of
the DUT by the thermal elements based on the stored power
dissipation profile.

57. The method of claim 45, wherein:

the thermal reservoir comprises a thermal chuck;

the electrical testing probe comprises a wafer with pads
which contact microspring contactors located on the
WUT; and

performing electrical testing or burn-in processing com-
prises simultaneously performing electrical testing or
burn-in processing of a plurality of die of the WUT.
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