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(57) Abstract: An example test system includes test sites for testing devices under test (DUTs), where the test sites include a test site
configured to hold a DUT for testing. The test system includes a thermal control system to control a temperature of the DUT separately
from control over temperatures of other DUTs in other test sites. The thermal control system includes a thermoelectric cooler (TEC)
and a structure that is thermally conductive. The TEC is in thermal communication with the DUT to control the temperature of the DUT
by transferring heat between the DUT and the structure.
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THERMAL CONTROL SYSTEM FOR
AN AUTOMATED TEST SYSTEM

TECHNICAL FIELD
This specification relates generally to automated test systems and components

thereof.

BACKGROUND
System-level testing (SLT) involves testing an entire device, rather than individual
components of the device. If the device passes a battery of system-level tests, it is
assumed that the individual components of the device are operating properly. SLT has
become more prevalent as the complexity of, and number of components in, devices
have increased. For example, a chip-implemented system, such as an application-
specific integrated circuit (ASIC), may be tested on a system level in order to determine

that components that comprise the system are functioning correctly.

SUMMARY

An example test system includes packs. The packs include test sockets for
testing devices under test (DUTs) and at least some test electronics for performing tests
on the DUTs in the test sockets. Different packs are configured to have different
configurations. The different configurations include at least different numbers of test
sockets arranged at different pitches. The example test system may include one or
more of the following features, either alone or in combination.

The example test system may include pick-and-place automation configured to
move the DUTs into and out of the test sockets. The pick-and-place automation may be
configured at least to service the packs having different configurations. The pick-and-
place automation may be configurable to transport different types of DUTs. The pick-
and-place automation may be configurable based on test time and throughput.

Each of the packs may be modular and can be moved into and out of — for
example, completely out of — the test system during operation of the pick-and-place

automation on test sockets contained on a different pack. A pack may include one or
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more rows, with each row containing one or more test sockets. Each test socket may
be associated with an actuator to place a lid over the test socket or to remove the lid
from the test socket. At least two of the rows of a pack may be configurable to hold
different types of DUTs. One or more of the packs — for example each pack — may be
configured to hold and to test different types of DUTSs.

The test system may include a cool atrium that houses the test sockets and that
is supplied with cooled air, and a warm atrium arranged to receive air from the cool
atrium that has been warmed as a result of testing the DUTs. The warm atrium may be
one of multiple warm atriums, with each warm atrium being for a different pack. The
test system may include an air-to-liquid heat exchanger to produce the cool air from
circulated warm air from the warm atrium, and one or more fans to move the cool air
into the cool atrium. The test system may include an ionized air supply and one or more
fans to move ionized air from the ionized air supply over at least some of the test
sockets. The test system may include a thermal control system to independently and
asynchronously control a temperature of individual test sockets.

As noted, the pick-and-place automation may be configured to move the DUTs
into and out of the test sockets and the pick-and-place automation may be configured at
least to service the different configurations of the packs. The pick-and-place automation
system may include pickers for picking DUTs from the test sockets and/or placing the
DUTs into the test sockets and a gantry on which the pickers are mounted. The gantry
may be configured to move the pickers relative to the test sockets to position the pickers
for picking the DUTs from the test sockets or placing the DUTSs into the test sockets.
The pickers may be operable independently and simultaneously. The pickers and
gantry are robotics for the test system and may be arranged in a layer above the test
sockets The pickers and gantry may be the only robotics for the test system that are
arranged in the layer above the test sockets. The test system may include trays having
cells for holding at least one of DUTs to be tested or DUTs that have been tested. The
pickers may be configured to pick the DUTs to be tested from the trays and to place the
DUTs to be tested in the test sockets, and to pick the DUTs that have been tested from

the test sockets and to place the DUTs that have been tested into the trays.
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The test system may include a housing in which the pickers and the gantry are
mounted and in which the packs are held. A pack may be movable into or out of the
housing during operation of the pick-and-place automation on a different one of the
packs. The pickers may be operable independently in four degrees of freedom. The
pickers may each be operable independently in four degrees of freedom.

Testing performed on the DUTs by the test system may include system-level
tests. A first one of the packs may include one or more test sockets and a second one
of the packs may include two or more test sockets. The different configurations may
accommodate different types of DUTs in the test system at a same time. The different
configurations may support different types of DUTs having different form factors in the
test system at a same time. The different configurations may support different types of
DUTs having different electrical interfaces in the test system at a same time. The
different configurations may support different types of DUTs having different thermal
requirements in the test system at a same time. The different configurations may
support different types of DUTs having different physical interfaces in the test system at
a same time. The different configurations may support different types of DUTs having
different wireless functionalities in the test system at a same time. The different
configurations may support different types of DUTs having electro-mechanical
interfaces in the test system at a same time.

An example test system includes a test socket for testing a DUT, a lid for the test
socket, and an actuator configured to force the lid onto the test socket and to remove
the lid from the test socket. The actuator includes an upper arm to move the lid, an
attachment mechanism connected to the upper arm to contact the lid, where the
attachment mechanism is configured to allow the lid to float relative to the test socket to
enable alignment between the lid and the test socket, and a lower arm to anchor the
actuator to a board containing the test socket. The actuator is configured to move the
upper arm linearly towards and away from the test socket and to rotate the upper arm
towards and away from the test socket. The example test system may include one or
more of the following features, either alone or in combination.

The attachment mechanism may include one or more springs between the upper

arm and the lid and a gimbal connected to the upper arm and arranged to contact a stop
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plate that connects to the lid and that limits movement of the lid. The lid may be, or be
part of, a lid assembly that includes alignment pins to align the lid assembly to
complementary holes associated with the test socket. The lid assembly may include a
cap to contact the DUT, a thermoelectric cooler (TEC) in contact with the cap, a
thermally-conductive plate in contact with the TEC, and the stop plate in contact with the
thermally-conductive plate. The stop plate may be configured to make contact with a
frame of the test socket when the actuator forces the lid onto the test socket.

The lid assembly may include a coolant line to bring liquid coolant to the
thermally-conductive plate and a spring between the stop plate and the thermally-
conductive plate. The lid assembly may include one or more heaters thermally
connected to the thermally-conductive plate. The one or more heaters may be
controllable to increase in temperature. The test system may also include a first
temperature sensor at the cap to detect a temperature proximate to the DUT and a
second temperature sensor at the cap to detect a temperature at the cap that is farther
away from the DUT than the temperature detected by the first temperature sensor.

The upper arm may be part of an assembly that includes cable grommets to hold
conduits that route at least one of electrical signals or liquid coolant to and from the lid.

The attachment mechanism may be configured to allow the lid to float in multiple
degrees of freedom — for example, using the gimbal and spring. In examples, the
attachment mechanism may be configured to allow the lid to float in at least three
degrees of freedom, the attachment mechanism may be configured to allow the lid to
float in at least four degrees of freedom, the attachment mechanism may be configured
to allow the lid to float in at least five degrees of freedom, or the attachment mechanism
may be configured to allow the lid to float in six degrees of freedom. During float, the
attachment mechanism may be configured to allow the lid to move in a single dimension
by an amount measured in triple-digit microns (single-digit millimeters) or less.

The lid may include a lid assembly. The lid assembly may include a TEC in
thermal communication with the DUT, a thermally-conductive structure in contact with
the TEC, and a stop structure such as the stop plate in contact with the thermally-
conductive structure. The stop structure is configured to make contact with the frame of

the test socket when the actuator forces the lid onto the test socket.
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The test system may include an enclosure around the test socket. The enclosure
may have an opening to allow the actuator to force the lid onto the test socket and to
remove the lid from the test socket. The actuator may be configured to hold a cover to
close the opening to hermetically seal the enclosure and to thermally isolate the
enclosure when the opening is closed or plugged by the cover. The actuator may be
configured to move the cover over the opening when the actuator forces the lid onto the
test socket. The enclosure may include a port that is connectable to a vacuum source
or to a gas source. The test socket may include one or more fins that extend upward
and/or downward from the test socket for heat dissipation.

An example test system may include a test socket for testing a DUT, a lid for the
test socket, and an actuator configured to force the lid onto the test socket and to
remove the lid from the test socket. The actuator includes an upper arm to hold the lid
and a lower arm to anchor the actuator to a board containing the test socket. The
actuator is controllable based on proper placement of the DUT in the test socket to
rotate the upper arm toward the test socket and to force the upper arm holding the lid
towards the test socket in order to force the lid onto the test socket and against the DUT
in the test socket.

An example method of placing a lid on a test socket of a test system includes the
following operations: roughly aligning the lid and the test socket; following rough
alignment, finely aligning the lid to the test socket by moving a cap of the lid over a
complementary portion of the test socket containing a DUT;; moving the lid downward
into the test socket so that the cap contacts the DUT while the lid floats relative to the
test socket, where floating includes multi-dimensional movement of the lid relative to the
test socket; continuing to move the lid downward thereby forcing the lid against the DUT
until a stop plate prevents further movement; and retaining the lid forced against the test
socket during testing of the DUT by the test system. The example method may include
one or more of the following features, either alone or in combination.

Roughly aligning may include rotating the lid into position over the test socket
such that alignment pins associated with the lid align to corresponding alignment
sockets on the test socket. Finely aligning may include adjusting a position the lid so

that the lid is properly aligned to at least one of the DUT or the test socket.
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An example test system includes test sites that include test sockets for testing
DUTs and pickers for picking DUTs from the test sockets and/or for placing the DUTs
into the test sockets. Each picker may include a picker head for holding a DUT. The
test system also includes a gantry on which the pickers are mounted. The gantry may
be configured to move the pickers relative to the test sites to position the pickers for
picking the DUTs from the test sockets or placing the DUTs into the test sockets. The
test sockets are arranged in at least one array that is accessible to the pickers on the
gantry. The example test system may include one or more of the following features,
either alone or in combination.

The gantry may include a beam that spans across the at least one array of test
sockets and that is configured to move over the at least one array of test sockets in a
direction perpendicular to the beam. The pickers may be arranged linearly along the
beam and may be configured to move linearly along the beam. The pickers may be
controllable to move linearly along the beam to change a pitch of the pickers along the
beam. The pickers may be controllable to move linearly along the beam to change the
pitch while the beam moves over the at least one array of test sockets in the direction
perpendicular to the beam.

The test system may include packs that include the test sockets and at least
some test electronics for performing tests on the DUTs in the test sockets. Different
packs are configurable to have different configurations. The different configurations
may include at least different numbers of test sockets arranged at different pitches. The
pickers may be controllable to move linearly along the beam to change the pitch to
match pitches of different sets of test sockets in different packs installed in the test
system. The pickers may be configured to service multiple test sockets simultaneously,
where servicing may include at least one of placing DUTSs into the multiple test sockets
or picking DUTs from the multiple test sockets. One or more of the pickers may be
configured, through servo-control, to move at least partly perpendicularly or obliquely
relative to the beam in order to finely align with one or more respective test sockets.
Such movement is referred to as the Y-axis jog, as described herein.

The test system may include one or more temperature sensors configured to

sense a temperature of at least one of the gantry or the test sockets and a control
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system that is servo-based to change a position of one or more of the pickers to
compensate for thermal expansion of at least one of the gantry or the test sockets. The
test system may include an encoder scale attached to a frame such as a force frame of
the test system, and an encoder reader attached to the gantry. The control system is
configured to identify vibrations in the test system based on an output of the encoder
reader and to control operation of the test system to counteract the vibrations.

As noted, the test system may include packs that include the test sockets and at
least some test electronics for performing tests on the DUTSs in the test sockets.
Different packs are configurable to have different configurations for DUTs having
different characteristics. The pickers are controllable, and a number of the pickers is
scalable, based on characteristics of the packs and/or the test sockets in the packs.

Each picker head may include a nozzle to hold a DUT using at least vacuum
pressure. Examples of nozzles include, but are not limited to, of the following: a soft
polymer vacuum cup that includes electrostatic-discharge (ESD) dissipative material, a
hard plastic tip that includes ESD dissipative material, a hard material that includes an
integrated ejection collar to accommodate roll and pitch changes of a DUT, or a soft
polymer vacuum cup that includes an integrated ejection collar configured to reduce
stiction between the nozzle and the DUT.

The test system may include a feeder configured to hold trays having cells for
holding at least some DUTs to be tested or at least some DUTs that have been tested.
The pickers may be configured to pick the DUTs to be tested from some of the cells and
to place the DUTs that have been tested into others of the cells. The trays may be
arranged in a plane that is parallel to, or a co-planar with, a plane in which at least some
(for example, some or all) of the test sockets are arranged.

The gantry that holds the pickers in the test system may include a first beam that
spans across the at least one array of test sockets and that is configured to move
relative to the test sockets and a second beam that spans across the at least one array
of test sockets and that is configured to move relative to the test sockets. One or more
of the pickers may be arranged linearly along the first beam and one or more of the
pickers may be arranged linearly along the second beam. The gantry that holds the

pickers may be a main gantry and the test system may also include a LASER cleaning
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assembly and an auxiliary gantry built onto a same bearing system as the main gantry.
The LASER cleaning assembly may be connected to the auxiliary gantry. The auxiliary
gantry may be configured to move the LASER cleaning assembly relative to the test
sockets in order to clean the test sockets using LASER light.

A pack in the test system may include test sockets and at least some test
electronics for performing tests on the DUTs in the test sockets. The pack may be one
of multiple different packs that are installed in the test system and that support at least
one of different types of DUTs, different configurations of DUTSs, different numbers of
DUTs, DUTs having different physical interfaces, DUTs having different electrical
interfaces, DUTs having different form factors, or DUTs having different sizes. A control
system may be configured to control the auxiliary gantry and the LASER cleaning
assembly to clean the test sockets while the pack is installed in the test system.

The pickers may be controllable to move in three or more degrees of freedom
relative to the test sockets. The three or more degrees of freedom may include left-
right, forward-backward, up-down, and rotation. The test system may include a
machine vision system configured to detect placement of a DUT in a test socket, a
picker holding a DUT, and a configuration and orientation of a test socket. The gantry
may have a settling time that is at most +/- 10 microns in less than 20 milliseconds.

The pickers may be or include linear actuators. Each linear actuator may be
configured to extend or to retract a respective picker head. When a picker head is
retracted, the picker has sufficient clearance to pass over the test sockets including
when the test sockets contain DUTs. Each picker may be configured for linear
movement along part of the gantry to adjust for different center-to-center distances
between DUTs in the test sockets or DUTs in trays included in the test system. Linear
magnetic motors may be controlled by the control system to position the gantry for DUT
pick-up, placement, and measurement operations. Linear magnetic motors may be
controlled by the control system to position the pickers perpendicularly or obliquely to
motion of the gantry for DUT pick-up, placement, and measurement operations.

An example test system includes test sites that include sockets for testing DUTs,
pickers for picking DUTs from the sockets or placing the DUTs in the sockets, and a

gantry on which the pickers are mounted. The gantry is configured to move the pickers
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relative to the test sites to position the pickers for picking the DUTs from the sockets or
for placing the DUTs into the sockets. The test system also includes one or more
LASER range finders mounted on the gantry for movement over the DUTs in the
sockets and in conjunction with movement of the pickers. A LASER range finder among
the one or more LASER range finders mounted on the gantry is configured to detect a
distance to a DUT placed into a socket. The example test system may include one or
more of the following features, either alone or in combination.

A control system may be configured to determine a plane of the DUT based on
multiple distances detected by the LASER range finder, and to determine whether the
DUT has been placed properly in the socket based on the plane of the DUT. The
control system may be configured to determine whether or not to place a lid over the
socket based on whether the DUT has been placed properly into the socket. The
control system may be configured to control movement of the lid to be placed over the
socket when the DUT has been placed properly in the socket. The control system may
be configured to control the lid not to be placed over the socket when the DUT has been
placed improperly in the socket.

The LASER range finder may include a one-dimensional (1D) LASER range
finder. Each LASER range finder may be mounted on to a respective picker. The
LASER range finder may be configured to detect distances to the DUT placed into the
socket in parallel with movement of the gantry following placement of the DUT into the
socket.

An example test system includes test sites that include sockets for testing DUTs,
pickers for picking DUTs from the sockets or placing the DUTs into the sockets, and a
gantry on which the pickers are mounted. The gantry may be configured to move the
pickers relative to the sockets to position the pickers for picking the DUTs from the
sockets or placing the DUTs into the sockets. A scanner may be configured to face the
sockets and to move over the sockets. The scanner may be configured to capture
three-dimensional data (3D) representing a structure of at least part of a socket. A
camera may be configured to face the sockets and to move over the sockets. The

scanner or camera may be configured to capture 3D representing a structure of at least
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part of a socket. The example test system may include one or more of the following
features, either alone or in combination.

The example test system may include a control system to determine a location
and an orientation of the socket based on the 3D data. The control system may be
configured to determine a plane of the socket, a roll and pitch of the plane, and a height
of the plane relative to a base holding the sockets. The control system may be
configured to determine Cartesian X, Y, and Z coordinates of the plane and a yaw of the
plane. The control system may be configured to determine the Cartesian X, Y, and Z
coordinates of the plane and the yaw of the plane based on features associated with the
socket. The control system may be configured to control a picker to place a DUT into
the socket based on the location and orientation of the socket. The control system may
be configured to control the picker to place the DUT into the socket at a precision
measured in single-digit microns (um). The 3D data may include a 3D point cloud.

An example test system includes trays that include cells for holding at least one
of devices to be tested or devices that have been tested, pickers for picking the devices
to be tested from the trays and for placing the devices that have been tested into the
trays, and a gantry on which the pickers are mounted. The gantry is configured to move
the pickers relative to the cells to position the pickers for picking the devices to be
tested or for placing the devices that have been tested. The test system also includes a
scanner configured for movement over the trays. The scanner may be configured to
capture 3D representing structures of the trays and the presence or absence of devices
in at least some of the cells. A control system is configured to determine, based on the
3D data, which of the cells contains devices and whether devices in the cells are placed
properly. The example test system may include one or more of the following features,
either alone or in combination.

For a tray or each tray, the control system may be configured to perform a
comparison based on 3D data for the tray and a predefined model of the model of the
tray. For a tray or each, the control system may be configured to compare a
representation of the tray based on the 3D data to a predefined model of the tray.
Determining whether a device in a cell is placed properly may include determining

whether the device in the cell is at a prescribed orientation or with an acceptable
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tolerance of the prescribed orientation. The 3D data may include a 3D point cloud. The
scanner may include a 3D scanner mounted on a linear motorized axis over the trays.
In some implementations, a 3D camera may replace the 3D scanner.

An example test system includes test sites that include sockets for testing DUTs,
pickers for picking DUTs from the sockets or placing the DUTs in the sockets, and a
gantry on which the pickers are mounted. The gantry may be configured to move the
pickers relative to the sockets to position the pickers for picking the DUTs from the
sockets or for placing the DUTs into the sockets. The test system may also include a
scanner. The scanner may be configured to face towards (e.g., upwards towards) a
DUT held by a picker that is controlled to place the DUT in a socket at a test site. The
scanner may be configured to capture 3D representing the picker holding the DUT prior
to placement of the DUT in the socket. A control system is configured to determine,
based on the 3D data, whether the DUT is properly oriented for placement in the socket.
The example test system may include one or more of the following features, either
alone or in combination.

The scanner may include a 3D scanner that is oriented to face upwards toward a
bottom of the DUT. The scanner may be a first scanner and the 3D data may be first
3D data. The test system may also include a second scanner configured for movement
over the sockets. The second scanner may be configured to capture second 3D data
representing a structure of at least part of the socket. The control system may be
configured to control the picker to place the DUT into the socket based on the first 3D
data and the second 3D data. The control system may be configured to control the
picker to place the DUT into the socket at a precision measured in single-digit microns
(Mm), double-digit microns, or triple-digit microns.

The 3D data may include Cartesian X, Y, and Z coordinates for the DUT being
held by the picker prior to placement in the socket. The 3D data may include pitch, yaw,
and roll information for the DUT being held by the picker prior to placement in the
socket. The first scanner and/or the second scanner may be fixed in place.

An example test system includes a strobe light, test sites that include sockets for
testing DUTSs, pickers for picking DUTs from the sockets and/or placing the DUTs in the

sockets, and a gantry on which the pickers are mounted. The gantry may be configured
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to move the pickers relative to the sockets to position the pickers for picking the DUTs
from the sockets or placing the DUTs into the sockets. A camera may be configured to
face towards a DUT held by a picker controlled to place the DUT in a socket at the test
site. The camera may be configured to capture an image of the picker holding the DUT
prior to placement of the DUT in the socket. A control system may be configured to
control operation of the gantry to reduce a speed of the picker as the picker approaches
the camera, to control operation of the strobe light and the camera to capture an image
of the picker holding the DUT prior to placement of the DUT in the socket, and to use
the image to determine a position and an orientation of the DUT relative to the socket.
The example test system may include one or more of the following features, either
alone or in combination.

Controlling the strobe light and the camera may include causing the strobe light
to illuminate at a time that the camera is controlled to capture the image. The speed of
the picker may be reduced to, or changed to, a constant speed. The test system may
include a single camera to capture an image of each picker holding a DUT. The test
system may include multiple cameras, each facing an underside of the DUT. Each of
the multiple cameras may be associated with a different test site and may be configured
to face towards a DUT held by a picker controlled to place the DUT in a socket. Each
camera may be configured to capture an image of the picker holding the DUT prior to
placement of the DUT in a socket of the different test site.

An example test system includes test sites that include sockets for testing DUTs,
pickers for picking DUTs from the sockets or placing the DUTs in the sockets, and a
gantry on which the pickers are mounted. The gantry is configured to move the pickers
relative to the test sites to position the pickers for picking the DUTs from the sockets or
placing the DUTs into the sockets. A camera is configured for positioning over a socket
using servo control to capture an image of the socket or of a device in the socket. A
control system is configured to implement the servo control of the camera and to use
the image to control placing the DUT into the socket or picking the DUT from the socket.
The example test system may include one or more of the following features, either

alone or in combination.
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The camera may include a 3D camera to capture 3D image data representing at
least the socket. The 3D camera may include an imaging device comprised of two or
more lenses that enables perception of depth in captured images to produce a 3D
image. The 3D camera may include a two-dimensional (2D) camera to capture 2D data
of at least the socket and a pointing laser to capture a third dimension of data for at
least the socket. The 2D data and the third dimension of the data may be the 3D image
data. The 3D data from the camera may be used by the control system, along with 3D
data from one or more of the preceding cameras facing an underside of the DUT, to
control positioning of the DUT in the socket.

An example test system includes test sites for testing DUTs, where the test sites
include a test site configured to hold a DUT for testing. The test system includes a
thermal control system to control a temperature of the DUT separately from control over
temperatures of other DUTSs in other test sites. The thermal control system includes a
TEC and a structure that is thermally conductive. The TEC is in thermal communication
with the DUT to control the temperature of the DUT by transferring heat between the
DUT and the structure. The example test system may include one or more of the
following features, either alone or in combination.

The thermal control system may include liquid coolant to flow through the
structure to reduce a temperature of the structure. The thermal control system may
include one or more conduits to transport the liquid coolant between the structure and a
supply of the liquid coolant and one or more valves to control a flow of the liquid coolant
through the one or more conduits. The liquid coolant may have a flow to each test site
that is independently controllable to reduce a temperature of a DUT in each test site.

The thermal control system may include one or more temperature sensors to
detect a temperature of the DUT and a control system to control the thermal control
system based on active feedback of the temperature detected at the DUT. The thermal
control system may include one or more heaters in thermal contact with the structure,
where the one or more heaters are operable to increase a temperature of the structure.

The structure may be or include a plate and the thermal control system may
include conduits to transport the liquid coolant between the plate and a supply of the

liquid coolant, a valve along a conduit to control a flow of the liquid coolant through the
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one or more conduits, and the heaters embedded in the plate. The heaters are
operable to increase a temperature of the plate.

The thermal control system may include an enclosure to house the DUT. The
enclosure may be configured to enable creation of a thermal path that allows thermal
conductivity between the TEC and the DUT. The enclosure may physically isolate the
DUT from DUTs in other test sites. At least a combination of the liquid coolant and the
physical isolation produced by the enclosure may enable the test system to test the
DUT independently of, and asynchronously from, testing of other DUTs in others of the
test sites. The enclosure may enable indirect contact between the TEC and the DUT.

The thermal control system may include a conduit leading from the enclosure to
a vacuum source. A valve along the conduit may be controllable to open to provide
vacuum from the vacuum source to the enclosure and may be controllable to close to
prevent vacuum from the vacuum source from reaching the enclosure. The thermal
control system may include a conduit leading from the enclosure to a purge gas source.
A valve along the conduit may be controllable to open to provide a gas purge to the
enclosure. The enclosure may be at least partly thermally sealed.

As noted above, the thermal control system may include one or more conduits to
transport the liquid coolant between the structure that is thermally conductive and a
source of the liquid coolant. The liquid coolant may be above a dew point temperature
of an environment in the test system. For example, the liquid coolant may be
maintained above a dew point temperature of the sealed enclosure.

The test system may include pickers for picking DUTs from the test sites and for
placing the DUTs in the test sites and a gantry on which the pickers are mounted. The
gantry may be configured to move the pickers relative to the test sites and to change a
pitch of the pickers during movement to match a pitch of the test sites. The test system
may include packs holding electronics for testing groups of the test sites. The packs
may be movable into and out of the test system (for example, completely out of the test
system) during movement of the gantry and the pickers. The test system may include a
temperature sensor at the test site to detect a temperature at a socket of the test site;

one or more temperature sensors on the gantry to detect a temperature at the gantry;
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and a control system to change a position of one or more of the pickers based on the
temperature at the socket and the temperature at the gantry.

The thermal control systems may include (i) a heater that is controllable to heat
the structure and (ii) the liquid coolant to flow through the structure to reduce a
temperature of the structure. The test system may include a control system to control
the heater to heat the structure during heated testing of the DUT and, following heated
testing, to control a flow of the liquid coolant through the structure to cool the structure
to a handling temperature. As noted, the liquid coolant being may be above a dew point
temperature of an environment in the test system. The control system may control a
flow of the liquid coolant through the structure while the TEC conducts heat from the
DUT thereby bringing a temperature of the DUT below a predefined temperature for
testing. One or more of heaters may be controllable to heat the structure as noted. The
control system may be configured to control the one or more heaters to heat the
structure at greater than or equal to a predefined rate for testing.

The thermal control system may be configured to control the temperature of the
DUT in a range from below 0° Celsius (C) to at least 150° C.

An example method of controlling a temperature of a device under test (DUT)
includes changing a temperature of a plate that is thermally conductive by controlling an
amount of liquid coolant that flows through the plate, controlling a temperature of the
plate by controlling operation of heaters in contact with the plate, and controlling a TEC,
where the TEC transfers heat between the plate and the DUT to control the temperature
of the DUT. The method may include one or more of the following features, either alone
or in combination.

Controlling the amount of liquid coolant that flows through the plate may include
preventing liquid coolant from flowing through the plate. Controlling operation of the
heaters may include turning the heaters on to increase a temperature of the plate. The
TEC may control the temperature of the DUT by transferring heat from the plate to the
DUT. The operation of the heaters may be controlled to heat the DUT at a rate that is
greater than or equal to a predefined rate.

Controlling the amount of liquid coolant that flows through the plate may include

allowing liquid coolant to flow through the plate. Controlling operation of the heaters
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may include turning the heaters off to reduce or to prevent heating of the plate. The
TEC may control the temperature of the DUT by transferring heat from the DUT to the
plate. In an example, the liquid coolant is not below a dew point of an environment in a
test system which the method is performed. The TEC may transfer an amount of heat
from the DUT to the plate to cause the DUT to be below a predefined temperature
during testing. The DUT may be in an enclosure that is thermally insulated from, and
hermetically sealed from, other enclosures containing other DUTs. The method may
include controlling a dew point temperature in a micro-environment within the enclosure
and controlling a temperature of the plate so that the temperature of the plate remains
above the dew point temperature in the micro-environment. The temperature of the
plate and the dew point temperature may change over a range; however, over the
entirety of the range, the temperature of the plate remains above the dew point
temperature.

The heaters may be controlled to heat the structure to implement heated testing
on the DUT. Following heated testing, the heaters may be turned-off and the liquid
coolant may be controlled to flow through the structure to cool the structure down to a
handling temperature.

Any two or more of the features described in this specification, including in this
summary section, can be combined to form implementations not specifically described
herein.

The systems, techniques, and processes described herein, or portions thereof,
can be implemented as and/or controlled by a computer program product that includes
instructions that are stored on one or more non-transitory machine-readable storage
media, and that are executable on one or more processing devices to control (e.g.,
coordinate) the operations described herein. The systems, techniques, and processes
described herein, or portions thereof, can be implemented as an apparatus, method, or
electronic system that can include one or more processing devices and memory to store
executable instructions to implement various operations. The systems, techniques,
processes, and/or components described herein may be configured, for example,
through design, construction, arrangement, placement, programming, operation,

activation, deactivation, and/or control.
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The details of one or more implementations are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages will be

apparent from the description and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

Fig. 1 is a perspective view of an example test system.

Fig. 2 is a perspective view of the example test system absent its housing to
show internal components of the test system.

Fig. 3 is a perspective view of parts of pick-and-place automation that may be
part of an example test system like that of Fig. 1.

Figs. 4 through 28 are perspective views of parts of pick-and-place automation
that may be part of an example test system like that of Fig. 1, which are shown at
various points in time during an operational sequence.

Fig. 29 is a top cut-away view of an example test system absent its housing
showing internal components of the test system.

Fig. 30 is a perspective view of the example test system of Fig. 29 absent its
housing to show internal components of the test system.

Fig. 31 is a perspective view of the example test system of Fig. 30 absent its
housing to show movement of a pack into or out of the test system.

Fig. 32 is a perspective view of the example test system of Fig. 30 absent its
housing to show movement of two opposing packs into or out of the test system.

Fig. 33 includes a perspective view of the example test system of Fig. 30 absent
its housing to show movement of two adjacent packs into or out of the test system, and
also includes a perspective view of example pack electronics.

Fig. 34 is a top view of an example arrangement of test sockets on a pack.

Fig. 35 is a top view of an example arrangement of test sockets on a pack.

Fig. 36 is a front perspective view of the example test system of Fig. 29 absent
its housing and in combination with a service module.

Fig. 37 is a back perspective view of the example test system of Fig. 37 absent
its housing and with electronics in the service module exposed.

Fig. 38 is a perspective view of an example picker.
17
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Fig. 39 is perspective view of an example camera and an example picker.

Fig. 40 is a perspective view of an example group of pickers and a camera
mounted on a gantry beam of an automated gantry in a test system.

Fig. 41 is a block diagram of an example up-pointing LASER scanning system for
scanning the underside of devices held by pickers during transport through a test
system.

Fig. 42 is a block diagram of an example up-pointing camera system for
capturing images of the underside of devices held by pickers during transport through a
test system.

Fig. 43 is a block diagram of an example one-dimensional LASER range finder
scanning a device to obtain data used to determine the device’s position in a test
socket.

Fig. 44 is a top view showing example scan locations of a one-dimensional
LASER range finder on a device in a test socket.

Fig. 45 is a perspective view of an example test socket containing two through-
socket LASER beams for determining device presence and position.

Fig. 46 is a block diagram of an example LASER scanning system for scanning
device trays.

Fig. 47 is a perspective view of an example in-situ test socket LASER cleaning
system that may be include in the test systems described herein.

Fig. 48 is a perspective view of components of an example test site including an
actuator and a lid, with the actuator moved away to expose the test site.

Figs. 49 and 50 are perspective and side views, respectively, of components of
an example test site including an actuator and a lid, with the actuator holding the lid on
the test socket.

Fig. 51 is a perspective view of components of an example test site including an
actuator and a lid, with the actuator not yet having applied the lid to the test socket.

Fig. 52 is a cut-away side view of a test socket lid, an attachment mechanism to
the test socket lid, and part of the actuator’s upper arm.

Figs. 53 to 57 are cut-away side views showing a sequence of operations

performed by the actuator to place and hold a lid on a test socket.
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Fig. 58 is a front perspective view of the actuator showing routings for cable and
cooling lines to and from the actuator.

Fig. 59 is a back perspective view of the actuator showing routings for cable and
cooling lines to and from the actuator.

Fig. 60 is a cut-away side view of the lid and part of the test socket showing
routing of electrical wiring to temperature sensors on the lid’'s cap.

Fig. 61 is a perspective view of an actuator and a test socket containing an
enclosure for physically isolating and thermally insulating the test socket during testing.

Fig. 62 is perspective view of a component of the test socket for dissipating heat.

Fig. 63 is cut-away side view of an example test system of the type described
herein containing warm and cold atriums and showing air flow between the two.

Fig. 64 is a block diagram of components of an example thermal control system
for a test site that supports independent and asynchronous testing.

Fig. 65 is a block diagram of components of an example thermal control system
for a test site that supports independent and asynchronous testing.

Fig. 66 is a perspective view of parts of pick-and-place automation that may be
part of an example test system described herein and that includes two movable gantry
beams.

Like reference numerals in different figures indicate like elements.

DETAILED DESCRIPTION

Described herein are example implementations of a test system and components
thereof. In some implementations, the test system is constrained in size, without
sacrificing speed or throughput. However, the example test system described herein is
not limited to any particular size, testing speed, or throughput. In some
implementations, the test system is an SLT system; however, the components and
features described herein may be implemented in any appropriate testing context. As
noted, SLT involves testing an entire device, rather than individual components of the
device. If the device passes a battery of system-level tests, it is assumed that the

individual components of the device are operating properly. An overview of an example
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test system is provided followed by more in-depth descriptions of the various
components of the test system introduced in the overview.

The example test system includes multiple subsystems. In this regard, the test
system includes a frame that holds an automated gantry and primary pick-and-place
automation. A tray feeder contains automation to move trays that hold devices to be
tested and/or devices that have been tested into and out of the system. Packs that are
movable into and out of the frame contain test electronics for testing devices held in test
sockets. The packs may be movable into and out of the system during device testing.
An example pack includes electrical test support infrastructure and at least one liquid-to-
air heat exchanger. In some implementations, the liquid-to-air heat exchanger may be
omitted from, or external to, the pack. An example pack contains one or more rows of
test sockets, which are part of test sites in the test system and which hold devices under
test (DUT). The test sites may each contain an end-user’s test site board. The end-
user’s test site board contains the test socket that holds the DUT in some
implementations. Each row in a pack can contain N customer test sites, where N is an
integer between one and however many sites can fit in a row based on system size.
Each test site may include an actuator to hold the DUT in the test socket. The actuator
can be replaced as needed and to accommodate a device’s force requirements.

The example test system also includes a service module that houses system
infrastructure and electronics used for liquid cooling, power, and test computations and
other processing. A housing, also referred to as a “skin” or “outer shell”, encloses at
least part of the system and holds cool air generated by the system and circulated down
across the test sites and test electronics boards. Additionally, ionized air may be
circulated over the test sites before, during, and/or after testing to mitigate electrostatic
charge buildup and to reduce or to prevent electrostatic discharge (ESD) events.

The layout of the example test system may be considered advantageous. For
example, the test electronics, customer site electronics, and device automation can be
configured in a stack. As a result, the test system can be extended to whatever length
is required for a testing application, which may enable an efficient usage of the
automation. Furthermore, the test system may include a single layer of pick-and-place

automation to place DUTs in test sockets and to remove the DUTs from the test
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sockets. This single layer of pick-and-place automation may reduce the need for
multiple automation exchanges found in other test systems, which may improve the test
system’s reliability. The site-row-pack model also may enhance system configurability
and modularity and may reduce the cost of test and serviceability.

Fig. 1 shows an example implementation of a test system 10 of the type
described in the preceding paragraphs. In Fig. 1, four doors including door 9 are
opened to expose the array of test sites in the test system. Fig. 2 shows parts of test
system 10 absent its housing or “skin”. As noted, example test system 10 is modular,
which may enable the test system to accommodate various testing applications. As
shown in Figs. 1 and 2, test system 10 includes a frame 11 and housing 12 that, in this
example, hold eight packs, including packs 13a, 13b, 13c, and 13d. As described in
more detail below, each pack may be customized for testing a different type of DUT.
The packs may each include multiple test sites for testing DUTs. Each test site may
include a test socket for holding a DUT, an actuator and lid assembly, and one or more
sensors. Example implementations of these features are described below.

Different packs may include test sockets that are sized to hold DUTs having
different characteristics, such as different sizes, interfaces, or form factors. For
example, the test sockets in one pack 13a may be configured to hold DUTs that have a
10 millimeter (mm) dimension (for example, length, width, or diagonal) and test sockets
in another pack 13b may be configured to hold DUTs having a 6 mm dimension. The
test sockets may be organized in one or more rows, each containing one or more test
sockets. In rows that contain more than one test socket, the test sockets may be
arranged at different pitches. A pitch may include the distance between the centers of
two adjacent test sockets. For example, the pitch may be the distance between the
centers of two adjacent test sockets. The packs may also include test electronics
configured to test DUTs held in the test sockets. The test electronics may be
customized to test features that are unique to a DUT. The test electronics may include,
but are not limited to, pin electronics, parametric measurement units, programmable
logic, and/or a microcontroller or other processing device(s). The test electronics may
execute, or be used to implement, one or more test routines on each DUT in a test

socket.
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Test system 10 includes trays 14. In some implementations, each tray includes
cells for holding devices to be tested or cells for holding devices that have been tested.
The cells may be sized and shaped to hold devices having different sizes, shapes, or
form factors. For example, one tray may be configured to hold devices that have a 10
mm dimension and another tray may be configured to hold devices having a 6 mm
dimension. In some implementations, there may be two or more trays for each different
type of device being tested — for example, one tray containing devices to be tested and
one tray containing devices that have been tested, or one tray containing devices to be
tested, one tray containing devices that have passed testing, and one tray containing
devices that have failed testing. In the example of Fig. 1, there are six trays; however,
any appropriate number of trays may be included in the test system. As shown in the
figure, the trays may be arranged in a plane that is parallel to, or a co-planar with, a
plane in which at some or all of the test sockets 15 are arranged.

Test system 10 includes pick-and-place automation, which is also referred to as
“pick-and-place robotics”. As shown in Fig. 3, pick-and-place robotics 17 may include
linear actuators 19, also called “actuators” or “pickers”. Multiple pickers may be
configured to service multiple test sockets independently and/or simultaneously or
contemporaneously, where servicing includes at least one of placing DUTs into the
multiple test sockets or picking DUTs from the multiple test sockets. Servicing may also
include simultaneously picking or placing DUTSs into one or more of the trays, as
described in more detail below. Inthe example of Fig. 3, there are four pickers;
however, any appropriate number of pickers may be used. That number may be
configurable; for example, one or more pickers may be added to or removed from test
10 system to accommodate different testing application requirements. In this example,
a picker 19a includes an arm that extends and retracts relative to the test slots. The
arm includes a head or nozzle that holds a DUT during movement between cells in the
trays and test sockets in the packs. In some examples, a device is picked-up and held
on the nozzle during movement using pneumatics, for example a vacuum pressure. In
some examples, the device is released by releasing the vacuum pressure and/or by

mechanical mechanisms, as described herein.
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Pickers are mounted on a robotic gantry (“gantry”) 20 that includes a movable
gantry beam 21 that spans across an array of test sockets 15, rails 21 over which the
gantry beam moves, and one or more motors (not shown) to control such movement.
Gantry beam 21 is configured to move over the test sockets in the directions of arrow 23
(the Y-dimension 25), which are arranged in rows that are perpendicular to the gantry
beam. Pickers 19a to 19d are arranged linearly along gantry beam 21 so that the test
sockets are accessible to the pickers during system operation. The pickers are also
configured to move linearly along the gantry beam to move to different locations and to
change a pitch of the pickers along the gantry beam to service different types of DUTSs.
Accordingly, in this example, pickers 19a to 19d are configured to move in the Cartesian
X dimension 26 (arrow 27) and gantry beam 21 is configured to move in the Cartesian Y
dimension 25 (arrow 23). Pickers 19a to 19d thus move in a single plane that is
substantially parallel to a plane or planes containing test sites 15. Pickers 19ato 19d
mounted to gantry beam 21 move along with the gantry beam and are sized and
operated so that, with their arms extended or retracted, the pickers clear — that is, do
not touch — test sockets that are empty or full. In other words, automation 17 is
configured to move anywhere within a defined work area and to pass over all sockets,
regardless of the state of the socket (open or closed). This includes clearance for the
pickers when they are fully retracted. Linear magnetic motors (“linear motors”), which
are not shown in Fig. 3, may control movement of both the gantry beam and the pickers.

In some implementations, the pickers perform picking or placing into different
packs. For example, two packs on opposite sides of the system, such as packs 81b
and 81d of Fig. 31, can have their rows of test sockets aligned in such a way that the
pickers can pick and place some DUTSs in one pack and others in the other pack
simultaneously. Given the two packs facing each other on opposite sides’ scenario, the
‘row” accessible by the pick-and-place robotics becomes the sum of the two rows from
these two packs. In an example of six sites per row in one pack, the system-level row
has 12 sites. The “Y-axis jog” capability described below may be particularly useful
partly because the rows on two opposing packs facing each other may not be perfectly
aligned due to various tolerances. The Y-axis job capability — which allows for

independent Y-axis movement of the pickers relative to the gantry beam — allows the
23



10

15

20

25

30

WO 2022/087166 PCT/US2021/055899

test system to accommodate for a misalignment of the rows, thereby enabling the
system to continue to perform simultaneous pick and place operations.

Figs. 4 to 28 show a sequence of operations performed by an example test
system 30 of the type described with respect to Figs. 1 to 3 in the preceding
paragraphs. The operational positions depicted are random but sequential and are
intended to illustrate test system operation. The particular operations depicted are not
intended to imply any required operations or sequence of operations.

In Fig. 4, pickers 31 are moved by gantry beam 32 into position over tray 34
containing devices to be tested (‘DUTs”). More specifically, in this example, pickers 31
are controlled to move linearly along gantry beam 32 and the gantry beam is controlled
to move linearly along tracks 35 to position pickers 31 at tray 24. One or more linear
motors (not shown), which are controlled by a control system described below, may be
operated to position the gantry beam and the pickers.

In this example, there are six pickers 31. The six pickers 31 may pick-up or
remove six devices or fewer than six devices from tray 34 concurrently or in parallel. In
some examples, each picker picks-up a single device; however, not every picker need
pick-up a device. As shown in Figs. 5 and 6, six picked-up devices are transported
across one or more arrays of test sockets 37 in the direction of arrow 38 to target test
sockets 40 in which the device are to be placed. As shown in Figs. 5 to 6, the pitch of
the pickers 31 along gantry beam 32 is controlled to change to match the pitch of the
target test sockets 40. This change may be fluid in that pickers 32 may be controlled to
move linearly along gantry beam 32 in the directions of arrow 41 while — for example, at
the same time as — gantry beam 38 is controlled to move along tracks 35.

As described in more detail below, each test socket includes a lid configured —
for example, constructed, controlled and/or arranged — to fit over the test socket when a
device (a DUT) is placed in the test socket. In example implementations, the lid rotates
away from a test socket to expose the test socket and/or a device in the test socket and
thereby allow a picker to place a device into the test socket or to remove a device from
the test socket. After a device has been placed in the test socket, the lid is controlled to
move over the test socket and to apply a force to the device in the test socket that

creates, maintains, or both creates and maintains electrical and mechanical connection
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between the device and the test socket. For example, in Fig. 6 the lids of test socket 40
are open — for example, rotated and/or moved to expose each test socket — to allow
pickers 31 to place the devices they are holding into respective test sockets 40. In
some implementations, lids of the test sockets may be controlled to open during gantry
movement towards the test sockets and may be controlled to close during gantry
movement away from the test sockets. In some implementations, lids of the test
sockets may be controlled to open independently of — for example, not during — gantry
movement towards the test sockets and may be controlled to close independently of —
for example, not during — during gantry movement away from the test sockets.

In Fig. 7, after the pickers place the devices into test sockets 40, the lids of those
test sockets close over the test sockets. This movement is represented in Fig. 7 by the
slightly angled lids 43 moving into place over test sockets 40. Meanwhile, pickers 31
and gantry beam 32 are controlled to move to a row of test sockets 44 to pick-up (that
is, to remove) devices that have been tested from those test sockets and then to
transfer those devices that have been tested to tray 45. This transport is shown in Figs.
8 and 9. As shown, the pitch of pickers 31 is controlled to change from a pitch that is
the same as, or approximate to, a pitch of test sockets 44 to a pitch that is the same as
or approximate to a pitch of cells in tray 45. As explained above, this change may be
fluid in that pickers 31 may be controlled to move linearly along gantry beam 32 in the
direction of arrow 48 during movement of gantry beam 32 along tracks 35 in the
direction of arrow 49. Pickers 31 may place or deposit the devices that have been
tested into respective cells in tray 45 by releasing vacuum pressure, using the
mechanical mechanisms described herein, or a combination of the two.

As shown in Fig. 10, pickers 31 and gantry beam 32 are next controlled to move
so that the pickers align to a new row of cells in tray 34 containing devices to be tested.
Pickers 31 pick-up the devices in that row as described herein and, with gantry beam
32, transport those devices to test sockets 50, as shown in Figs. 11 and 12. In Fig. 12,
lids 51 of test sockets 50 are opened to allow the pickers to place the devices to be
tested into the test sockets. As shown in Fig. 13, after or while pickers 31 and/or gantry
beam 32 are controlled to move away from test sockets 50 to next destination test

sockets, lids 51 are controlled to close to cover devices in test sockets 30.
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In Fig. 13, pickers 31 are controlled to pick-up devices that have been tested
from test sockets 53. Those devices that have tested are moved to, and placed into,
cells on tray 45. As described above, the pitch of pickers 31 is controlled to change — in
this example, to narrow — from a pitch equal to or approximate to a pitch of test sockets
53 to a pitch that is equal or approximate to a pitch of the cells of tray 45 in order to
place the devices that have been tested into the cells.

As shown in Fig. 14, pickers 31 are then controlled move from tray 45 to tray 34
in order to pick-up devices to be tested from tray 34 and to transport those devices to
test sockets for testing. Specifically, pickers 31 are controlled to move linearly in the
direction of arrow 56 and gantry beam 32 is controlled to move linearly in the direction
of arrow 57 to pick up devices to be tested from tray 34. Pickers 31 are positioned as
shown in Fig. 15 to pick up devices to be tested from tray 34. Then, both pickers 31
and gantry beam 32 are controlled to move to the position shown in Fig. 16 to place
those devices from tray 34 into empty test sockets 53 (which were evacuated in the
operations described with respect to Fig. 13). As shown, the lids of those empty test
sockets are moved — for example, rotated — out of the way of pickers 31 to expose test
socket 53 and thereby allow pickers 31 to place the devices into the test sockets for
testing. Next, in Fig. 17, lids 59 close over devices in test sockets 53, while lids 60 over
test sockets 61 are controlled to open to allow pickers 31 to access, and to pick-up,
devices that have been tested from those test sockets 61.

Devices that have been tested are removed from test sockets 61 and placed into
tray 45 as shown in Fig. 18. Pickers 31 and gantry beam 32 are then controlled to
move linearly to position pickers 31 as shown in Fig. 19 to pick up devices to be tested
from tray 34. Pickers 31 and gantry beam 32 are then moved into position to place
those devices to be tested into test sockets 63. As shown in Fig. 20, the lids 64 of test
sockets 63 are moved to expose the test sockets 63 and to enable the pickers to place
the devices into test sockets 63. Next, as shown in Fig. 21, pickers 31 and gantry beam
32 are each controlled to move linearly to position pickers 31 to pick up devices that
have been tested from test sockets 67 for transport to tray 45. As shown, in Fig. 21, the
lids 68 of those test sockets 67 are controlled to open to expose the devices for pick-up

by pickers 31. As shown in Fig. 22, the devices that have been tested are moved into
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tray 45 and placed there by pickers 31. Next, in Fig. 23, pickers 31 are moved to tray
34 to pick-up devices that have not been tested. That is, pickers 31 and gantry beam
32 are each controlled to move linearly to position pickers 31 as shown in Fig. 23 to pick
up devices to be tested from tray 34. Referring next to Fig. 24, pickers 31 and gantry
beam 32 are controlled to move to place those devices to be tested that were picked-up
from tray 34 into test sockets 70 for testing. Placement is not shown in Fig. 24.

However, as partially depicted in Fig. 24, in this example lids 71 rotate in one
direction to allow pickers 31 to place devices to be tested into respective test sockets 70
and rotate in the opposite direction to cover the devices after they have been placed, as
shown in Fig. 25. Pickers 31 and gantry beam 32 are then controlled to move to a new
row 73 to pick-up devices that have been tested from test sockets in that row and to
transport those devices to tray 45. After that, as shown in Fig. 26, pickers 31 and gantry
beam 32 are controlled to move the pickers from tray 45 to tray 34 to pick-up devices
that have not been tested. As shown in Fig. 27, pickers 31 and gantry beam 32 are
then controlled to move to place those untested devices into test sockets 73 which were
previously evacuated as described with respect to Fig. 25. Then, pickers 31 and gantry
beam 32 are controlled to move to pick-up devices that have been tested from test
sockets 75, as shown in Fig. 28. Operation of the pick-and-place robotics shown in
Figs. 4 to 28 may continue in this manner until testing has completed.

In some implementations, a number (for example, six) DUTs to be picked-up (or
locations where DUTSs are to be placed) are not in the same row. As a result, the
pickers would not pick or place the DUTs concurrently or in parallel. Instead, the
pickers and the gantry are controlled by the control system to perform picking or placing
using as many steps as needed. For example, the pickers and/or the gantry may be
controlled to pick-up two DUTs in parallel on one tray row, then move to pick-up four
more DUTS in parallel on a different tray row, then move to place three of those DUTs
in parallel into sockets that are aligned in one row, and then move again to place the
remaining three DUTs into a different set of sockets aligned in another row.

Figs. 4 to 28 show rows of test sockets having the same pitch. However, as
explained previously, the test system may test devices having different sizes, shapes,

and/or form factors in parallel, contemporaneously, and/or concurrently. Accordingly,
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groups or arrays of the test sockets in the same or different packs may have different
pitches but nevertheless share the same pick-and-place robotics and be tested by the
system in parallel, synchronously, or asynchronously. The groups or arrays of the test
sockets in the same or different packs may be tested using the pick-and-place robotics
simultaneously contemporaneously, or concurrently.

In this regard, as explained with respect to Figs. 1 and 2, test sockets are held on
packs, such as packs 13a to 13d, that are movable into and out of frame 12 and
housing 11 of test system 10. T summarize, the example test system incorporates a
pack architecture and a modular base frame. The pick-and-place robotics supports
various numbers and configurations of packs. The pick-and-place robotics is configured
to service different configurations of the packs. For example, the pick-and-place
robotics may be configured to move DUTs into and out of different types of packs that
are installed in the test system at the same time. In other words, the same automation
can be used on differently-configured packs. These different types of packs may have
test sockets of different size, height, pitch, and so forth.

In the examples of Figs. 3 to 28, the pick-and-place robotics are arranged on a
horizontal plane in a modular increment within the pack architecture. The test sockets
are installed on a horizontal plane and are arranged in a rectangular array as part of the
pack architecture. The number of test sockets in a pack may be based on the size of a
DUT to be tested. The number of test sites in a pack may be based on the size of a test
board to be tested. In an example, each pack may contain anywhere from one test
socket up to 24 test sockets depending on the size of the test board. However, in other
implementations, different numbers of test sockets — for example, more than 24 test
sockets or fewer than 24 test sockets — may be included per pack. For example, in
some implementations, a pack may have up to six test sockets or test sites in a row; for
example, in some implementations, a pack may have up to eight six test sockets or test
sites in a row; for example, in some implementations, a pack may have up to ten test
sockets or test sites in a row; for example, in some implementations, a pack may have
up to twelve six test sockets or test sites in a row; and so forth.

The number of packs to be used may be based on DUT test time and the gantry

cycle time to achieve greater tester socket utilization and/or automation gantry
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utilization. The pack can be fully removed from the frame, as shown with respect to
Figs. 2 and 31 to 33 described below. Each pack is removable from the frame and
passes under the frame structure that supports the gantry. Each pack may be
supported on its own internal wheels. When a pack is removed from the test system,
the pack can thus be rolled across a factory floor. The packs may be mechanically
aligned to the frame so that when they are removed and replaced, the sockets will line-
up in order to allow the gantry can reach all packs in the same row at the same time.
Fig. 29 shows a top view of components of example test system 80, which may
be of the type described respect to Figs. 1 to 28. In this example, test system 80
contains four packs 81a to 81d held on rack 82 within housing 83. The sockets included
in the packs are aligned in rows and columns. Figs. 30 to 32 show perspective views of
example test system 80. As shown in Figs. 31 and 32, one or more individual packs
such as packs 81b and 81d are removable from the test system. In this example,
removable includes fully removable from the test system. Those packs are then
replaceable with the same type of packs or with different packs. Test system 80 is
therefore modular in the sense that a pack can be replaced in the test system in order to
test different or the same types of devices in test sockets on the packs. In this regard,
the test system is configured to operate with or without a full complement of packs.
Packs may be replaced without reconfiguring software and/or hardware in the system.
In some implementations, packs can be replaced during operation of the pick-and-place
robotics in a so-called “hot swap”. For example, testing on a pack 81a may be ongoing
while pack 81b is being removed or replaced without interrupted testing on pack 81a.
Fig. 33 also shows components of test system 80. In particular, Fig. 33 shows
example electronics 83 that may reside in and/or on each pack, such as pack 81d. In
this example, pack 81d contains test electronics 84, interface electronics 85, a controller
board 86, and test sockets 87. Interface electronics 85 may include, but is not limited
to, a midplane circuit board; standard, semi-custom, or custom customer interface
circuitry; and standard board-to-board internal interface circuitry. Test electronics 84
may reside on one or more function boards that plug into the midplane. Controller
board 86 may include a microprocessor, microcontroller, or other processing device(s)

to control testing performed by the pack and to communicate external to the pack.
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As noted, the test sockets may be configured to hold devices that are to be
tested. Different packs may be configured — for example, constructed, arranged,
programmed, and/or controlled — to test different types of devices. Accordingly, the test
sockets may have different configurations to accommodate different types and/or
numbers of devices, to support different types of devices having different form factors,
to support different types of devices having different electrical interfaces, to support
different types of devices having different thermal requirements, to support different
types of devices having different physical interfaces, to support different types of
devices having different wireless functionalities, and/or to support different types of
devices having electro-mechanical interfaces. In an example, different packs may
include, but are not limited to, different numbers of test sockets arranged at different
pitches. Furthermore, the test sockets on an individual pack may be configured and/or
reconfigured to accommodate different types and/or numbers of devices, to support
different types of devices having different form factors, to support different types of
devices having different electrical interfaces, to support different types of devices having
different thermal requirements, to support different types of devices having different
physical interfaces, to support different types of devices having different wireless
functionalities, and/or to support different types of devices having electro-mechanical
interfaces. Accordingly, arrays or groups of test sockets may differ across different
packs or across rows or other subsections of the same pack.

By way of example, Figs. 34 and 35 show test sockets in test packs configured
and/or reconfigured to accommodate different sized devices for testing on the test
system. In the example of Fig. 34, example test pack 90 is configured to hold test
boards (DUTs) that are 130mm x 160mm in size resulting in a total of 88 test sites
containing 88 test sockets. In the example of Fig. 35, example test pack 91 is
configured to hold test boards (DUTs) that are 200mm x 250mm in size resulting in a
total of 35 test sites containing 35 test sockets.

As noted, the test electronics on a pack may include, but are not limited to, pin
electronics, parametric measurement unit(s), programmable logic, and/or a
microcontroller or other processing device(s). The test electronics may execute, or be

used to implement, one or more test routines on devices in test sockets contained on
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the pack. In this regard, in some implementations, the test electronics may be
customizable or reconfigurable based on the DUTs to be tested by the pack.

The interface electronics enables connection between a pack and a backplane of
the test system. This connection enables communication between the test system and
test electronics on the packs. Example protocols that may be supported on the
connections include, but are not limited to, Peripheral Component Interconnect Express
(PCle), Universal Serial Bus (USB), and the Joint Test Action Group (JTAG) standard.

Referring to Figs. 36 and 37, example test system 80 may include electronics 93
to enable communication between the packs and/or the DUTs and a control system, to
provide power to the various packs, and to control servicing and other functionalities,
such as LASER (“light amplification by the stimulated emission of radiation”) scanning,
image capture, and cleaning described below.

In this regard, test system 80 may include a control system. The control system
may include circuitry and/or on-board electronics 93 to control operations of test-system
80. The circuitry or on-board electronics are “on-board” in the sense that they are
located within the housing of the test system itself. The on-board electronics may
include, for example, one or more microcontrollers, one or more microprocessors,
programmable logic such as a field-programmable gate array (FPGA), one or
application-specific integrated circuits (ASICs), solid state circuitry, or any appropriate
combination of two or more of these types of circuitry or processing devices.

In some implementations, on-board components of the control system
communicate with a remote computing system 95 (Fig. 1), which may be part of the
control system. This computing system is remote in the sense that it is not located in
the housing of the test system. For example, the control system can also include
computing resources distributed to a remote location — for example, at a manufacturer’'s
facility — at least a portion of which is not within the test system housing. Connection 94
between the test system on-board components and the remote computing system may
be over a computer network, such as an Ethernet network or a wireless network.
Commands provide by the remote computing system may be transferred for execution
by the on-board electronics. In some implementations, the control system includes only

on-board components. In some implementations, the control system includes a
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combination of on-board components and the remote computing system. In some
implementations, the control system may be configured — for example programmed — to
implement control functions based at least in part on input from a person. Test results
and other information generated by the test system may be stored in computer memory
within the housing or they may be transmitted to the remote computing system.

The control system may include a servo controller or servo control functionality to
control the position and velocity of the gantry beam and/or the pickers. An example
servo controller may operate to regulate the velocities and positions of motors
controlling the gantry beam and pickers based on feedback signals. In general, a servo
controller executes a servo loop to generate a command to minimize an error between a
commanded value and feedback value, such as a commanded velocity and feedback
velocity value. The servo controller may also implement position control in addition to
velocity control. To implement position control, a position loop may be added in series
with the velocity loop. In some implementations, a proportional-integral-derivative (PID)
position provides position and velocity control absent a separate velocity loop.

In some implementations, the control system may be implemented in or be part
of a service module 96, which is shown in Figs. 29 and 36. In the example of Figs. 29
and 36, the service module is connected physically to the frame 82 of test system 80;
however, that is not a requirement. In some implementations, service module 96 may
include test electronics of the type described herein for performing or assisting in tests
performed on devices in the sockets. Service module 92 may also include electronics,
such as one or more processing devices, for maintaining the test system. For example,
as described herein, a LASER-based cleaning system may be used to clean the test
sockets. Electronics to operate this system may be part of the service module. All or
part of the control system described herein may reside in the service module.

As explained previously, devices to be tested and devices that have been tested
are stored in trays that are serviced by the pick-and-place robotics. Example trays that
may be used include, but are not limited to, Joint Electron Device Engineering Council
(JEDEC) trays. In the examples of Figs. 29 and 37, a feeder 99 is configured to receive

trays of tested devices, and to provide trays of untested devices to the test system. In
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an example, the feeder is configured to pass trays into a support window-frame that
promotes tray flatness and to provide a repeatable Z-dimension position of the tray

In the example of test system 10 (Fig. 1), there are six trays (see also trays 97 of
Figs. 34 and 35); however, the test systems described herein are not limited to use with
six trays. In the example of test system 30 (Figs. 4 to 28), there are five trays in use;
however, the system is not limited to use with five trays. In a six-tray system, a first tray
may contain untested devices having a first type and a second tray may contain tested
devices having the first type. A third tray may contain untested devices having a
second type and a fourth tray may contain tested devices having the second type. A
fifth tray may contain untested devices having a third type and a sixth tray may contain
tested devices having the third type. In this example, the first, second, and third types
of devices are different in at least one respect and are tested using different packs
inserted into the test system housing. In some implementations, different trays may be
designated for devices that have passed testing and for devices that have failed testing.
For example, rather than having a single tray for each type of tested device, there may
be two trays for each type of tested device — one tray to hold devices that have passed
testing and one tray to hold devices that have failed testing, along with one tray for
holding devices of the type that have not yet been tested. In some implementations,
there may be more than one feeder to move trays into and out of the system and the
number of trays may be different. The feeders may be loaded and unloaded manually
or using automation (not shown) that connects to the test system.

The pickers described herein, such as pickers 31, may include linear magnetic
motors that allow their arms to extend or to retract relative to a test socket. Each picker
may include a picker nozzle that is configured to hold a device to be tested or a device
that has been tested for transport between the trays and the sockets. In an example,
there are six pickers configured to pick-up from one to six devices concurrently from a
tray or a socket array. In other examples, however, there may be more than six pickers
or fewer than six pickers. The number of pickers in the test system is scalable — for
example, one or more pickers may be added to, or removed from, the test system. For
example, the number of pickers may be scalable based on characteristics of the packs

and on characteristics of the test sockets in the packs. For example, if a pack contains
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12 test sockets in a row, the number of pickers may be a factor of 12. In this regard, the
pick-and-place automation, such as the number of pickers, can be configured differently
depending on DUT test time - different DUT types can take different time to test.
Automation configuration does affect maximum throughput in some implementations.
For example, if the automation is configured with more pickers, a maximum number of
DUTs that can move through the test system per hour will be greater.

In some implementations, at least part of each picker is configured to operate in
three degrees of freedom in concert with other pickers in a group of pickers or
independently of the other pickers in the group. For example, at least part of each
picker may be configured to move forward-backward (the Y dimension of Fig. 4)
independent of and with gantry movement, left-right (the X dimension of Fig. 4), and up-
down (the Z dimension of Fig. 4). In the example of Fig. 38, example picker 101 —
which may be of the same type as a picker 19 or 31 — includes an arm 102 having a
nozzle at the end of the arm to hold a DUT. The arm is movable up-down 103 in the Z-
dimension and forward-backward 104 in the Y-dimension (which is the Y-axis jog
described below). In this example, arm 102 containing the nozzle is also rotatable 105
both in the counterclockwise direction and in the clockwise direction. This rotation
constitutes movement in a fourth degree of freedom.

In some implementations, an individual picker or each picker in a group is
configured to operate in four degrees of freedom independently of all other pickers. For
example, at least part of a picker may be configured for independent movement as
follows: forward-backward (the Y dimension of Fig. 4) (the Y-axis jog), left-right (the X
dimension of Fig. 4) (movement along the gantry beam), up-down (the Z dimension of
Fig. 4) (the picking and placing actions) and, rotation as shown in Fig. 38, which may be
used to position DUTs for pick-up, for placement, or for both.

The pickers are configured to move linearly along the gantry in the X dimension
and to move along with the gantry in the Y-dimension as described previously, for
example, with respect to Figs. 3 to 28. Furthermore, each picker is also configured to
move at least partly perpendicularly or obliquely relative to the gantry beam in order to
finely align with one or more respective test sockets independently of Y-dimension

movement produced by the gantry. For example, each picker may be configured to
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move in the Y-dimension or partly in the Y-dimension to enable parallel or concurrent
device pick-up or placement. This Y-dimension movement may be separate from, and
independent of, movement of other pickers in a group of pickers mounted on a gantry
beam. This movement is referred to as “Y-axis jog” as noted above. Linear magnetic
motors may be controlled by the control system to implement the Y-axis jog movement.

The Y-axis jog capability may accommodate mechanical tolerances in the test
system Y-dimension positions of test sockets in packs and/or of rows of tray cells. For
example, within a row of test sockets, individual devices and/or test sockets may be out
of line — for example, off-center relative to other devices and/or test sockets in the row.
For example, within a row of cells in a tray, individual devices and/or cells may be out of
line — for example, off-center relative to other devices and/or cells in the row. The
deviation in both cases may be measured in single-digit microns to single-digit
millimeters, for example. The arms of pickers may be controlled to move in the Y-axis
to account for such deviations. For example, the arms of the pickers may be controlled
to move each nozzle to a center of its respective target socket or DUT to ensure that
each picker places its DUT at the center of the target socket or picks-up the DUT at its
center. The deviations may be detected by the vision system described herein and the
pickers each may be controlled individually and independently by the control system
described herein. In an example, the movement in the Y-dimension may be on the
order of single-digit microns to single-digit millimeters; however, the Y-axis jog
movement is not limited to this numerical range. To reiterate, the Y-axis jog movement
of each picker is separate from Y-axis movement of the gantry beam and is relative to
the gantry beam. Following DUT placement or pick-up, the Y-axis jog may be used to
re-align the pickers during movement of the gantry beam.

As also described herein, individual pickers may be controlled to move along the
gantry beam in the X-dimension to change the pitch between two or more adjacent
pickers. In this regard, in some implementations, each picker may be mounted on an
individual servo-controlled axis that enables the picker to dynamically adjust to — for
example to match substantially — the center-to-center distance between test sockets
and the center-to-center distance between tray cells. Examples of this dynamic

adjustment are described with respect to Figs. 4 and 28.
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The picker nozzle is mounted on the picker arm, which extends and retracts in
the Z-dimension — for example, vertically — as described herein. The picker nozzle is
the contact point between the picker assembly and the DUT. Each nozzle may be
configured to hold a DUT using vacuum pressure, for example. The nozzle may be a
soft polymer vacuum cup comprised of ESD-dissipative material, a hard plastic tip
comprised of ESD-dissipative material, a hard material comprising an integrated
ejection collar to accommodate roll and pitch changes of a DUT, or a soft polymer
vacuum cup comprising an integrated ejection collar configured to reduce stiction
between the nozzle and the DUT. Other types of nozzles may be used. In some
examples, mechanical ejection of DUT from the nozzle using an injection collar or other
appropriate type of mechanical ejection mechanism may speed throughput and
increase the accuracy at which DUTs are placed in the test sockets.

In some implementations, thermally induced expansion or contraction of the
gantry beam and/or the test sockets affects positioning of the pickers. For example, the
gantry beam may expand in the presence of excess heat or contract in the presence of
cold, which can cause the positions of the pickers to change. In an example, the pitch
of the pickers and/or the pitch of the test sockets may increase due to thermally induced
expansion. In an example, the pitch of the pickers and/or the pitch of the test sockets
may decrease due to thermally induced contraction. In this regard, in some
implementations, one or more temperature sensors 105 may be attached to the gantry —
for example, to gantry beam 21 of Fig. 3. The temperatures sensors may be distributed
across the gantry beam and their values may be averaged or otherwise processed to
obtain an estimated temperature of the gantry beam. The temperature sensors may
detect one or more temperatures of the gantry beam during operation of the test system
and report the temperature(s) to the control system. The control system may execute
processes to adjust the servo axes of the pickers in response to the thermally induced
expansion or contraction of the gantry. For example, the control system may
dynamically decrease the pitch of the pickers to counteract thermal expansion or
dynamically increase the pitch of the pickers to counteract thermal contraction. The
dynamic adjustment may occur during testing — for example, testing is not interrupted

and the positions of the pickers is adjusted during gantry beam movement.
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In some implementations, one or more temperature sensors may mounted in
each test socket as described herein. The temperatures sensors may be distributed in
any appropriate manner and their values may be averaged or otherwise processed to
obtain an estimated temperature of the sockets. The temperature sensors may detect
the temperatures of the test sockets during operation of the test system and report the
temperatures to the control system. The control system may execute processes to
adjust the servo axes of the pickers in response to the thermally induced expansion or
contraction of the sockets. For example, the control system may dynamically increase
the pitch of the pickers to adjust for thermal expansion of the sockets causing a greater
pitch between the sockets or dynamically decrease the pitch of the pickers to adjust for
thermal contraction reducing pitch between the sockets.

In some implementations, multiple temperature sensors may indicate different
amounts of expansion or contraction at different test sockets. In this case, the pitches
of individual pickers may be adjusted accordingly to account for these different amounts
of expansion or contraction. In some implementations, multiple temperature sensors
may indicate different amounts of expansion or contraction at different points along the
gantry beam. In this case, the pitches of individual pickers may be adjusted accordingly
to counteract these different amounts of expansion or contraction. For example, in a
group of pickers, the pitch between two pickers may be increased while the pitch
between two other pickers may be decreased, depending upon circumstances.

In this regard, some or all components of the test system may expand and
contract due to thermal effects. In some implementations, temperatures are measured
at the test sites in the packs as described herein and also on the gantry as described
above. The control system may be configured to execute instructions to obtain the
temperature data from sensors at the test sites and at the gantry beam and to process
those temperatures to determine the net thermal expansion and contraction of these
two systems components. The control system may be configured to execute
instructions to make the adjustments to the positions of the pickers to place DUTs into
the test sockets or to pick-up DUTs from the test sockets in a manner that accounts for
the relative thermal expansion or contraction of these and potentially other components

of the test system. For example, the gantry beam may expand by a first amount and
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the sockets may expand by a second amount that is different from the first amount. The
differences between the amounts of expansion may be used to calculate a net
expansion. The control system may use the net expansion to adjust the pitches
between pickers and, in some implementations, the magnitude of the Y-axis jog.
Similar processes may be performed to account for a net contraction. In some cases,
one component may expand and the other component may contract. A net difference
may be determined by the controller based on the amounts of expansion and
contraction and the resulting net difference may be used to adjust the positions of the
pickers to account for the net difference. In some implementations, the amount of
change in the adjusted pitches between pickers may vary. For example, in the case of
six pickers, the first two adjacent pickers may have a first net change in pitch, the next
two adjacent pickers may have a second net change in pitch, and the third two adjacent
pickers may have a third net change in pitch. The first net change, the second net
change, and the third net change may each be different. These different changes may
be dictated by different amounts of thermal expansion at different locations.

In some implementations, temperature sensors may be included in the trays
described herein and the control system may be configured to execute instructions to
make the adjustments to the positions of the pickers to place DUTs into the trays or
pick-up DUTs from the trays in a manner that accounts for relative thermal expansion
and/or contraction of the gantry beam and the trays as described above.

The preceding adjustments to picker positions may be beneficial in example test
system that use one or more down-pointing cameras (described below) to determine the
positions of the test sites relative to the gantry automation including the gantry beam.
Some such systems rely on one or more images captured by one or more down-
pointing cameras to determine the positions of the test sites during initial system setup.
These images may be captured before testing commences. In some implementations,
one or more down-pointing laser scanner may be used in place of the one or more
down-pointing cameras to determine the positions of the test sites during initial system
setup. Because of the high throughput of the test system in some examples, a down-
pointing camera may not capture an image every time a DUT is placed in a socket. In

some examples, one or more up-pointing cameras capture images taken of every DUT
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to determine the position of that DUT relative to the picker. This may be done in real-
time for each DUT on a picker, and this action may little time. During normal operation
of the example test system, the control system uses data representing the last known
position of a test socket captured by the down-pointing camera and stored in memory,
and moves the gantry based on that last known position. If the temperature of the
gantry and/or the temperature of test socket changes, then the last known position will
be wrong. The temperature compensation described herein, along with the camera
systems, may ensure, or at least increase the chances that, the picker will be accurately
positioned for DUT placement operations and for DUT pick-up operations.

In some implementations, temperature compensation may include detecting
temperatures of the test sockets as described herein. The temperature values may be
processed — for example averaged — to obtain a value that is compared to a threshold.
In some examples, the temperature values may be compared individually to one or
more threshold values and it may be determined if a sufficient number of temperature
values exceeds a threshold. In either case, if the threshold is exceeded or the number
of temperature values exceeds the threshold, the down-pointing camera(s) or laser
scanner(s) may be controlled to capture new image(s) of the test sockets that have
been subjected to the thermal expansion. In the case of thermal contraction, the control
system may determine if the processed temperature value is below a threshold or a
number of individual temperatures is below the threshold. If so, then the down-pointing
camera(s) or laser scanner(s) may be controlled to capture new image(s) of the test
sockets that have been subjected to the thermal contraction. Testing may be
interrupted to capture these new images or the new images may be captured during
testing. These new images may be used to control the position and operation of the
gantry beam and the pickers. In examples such as this, the dynamic adjustment of
picker pitch described in the preceding paragraphs may not be performed at all. In
some examples such as this, the dynamic adjustment of picker pitch described in the
preceding paragraphs may be performed following new image capture.

As explained previously, the pickers are mounted on gantry. The gantry
includes, among other things, the tracks, the gantry beam that holds the pickers, and

one or more motors. The motors may be linear motors that are configured and
39



10

15

20

25

30

WO 2022/087166 PCT/US2021/055899

controlled by the control system to move the gantry beam along the tracks as described
with respect to Figs. 4 to 28. In some implementations, the gantry is a high-speed
gantry system directed by machine vision (described below) having coordinated high-
speed movement capability and relatively short settling times. In this regard, the pick-
and-place robotics of the example test systems described herein may be configured to
move a large quantity of DUTs through the test system in a relatively short amount of
time. This is called “throughput” or Units Per Hour (UPH). In order to achieve targeted
throughput and test times, the pick-and-place robotics may be configured to move
quickly and may also be configured to be precise in how they places\ the DUTs into the
test sockets. One measure of precision is not just how accurately the robotics places
the device, but also how quickly the robotics can be precise. This “timely precision” is
measured using a factor called “settling time”. If the settling time is reduced or
minimized, the robotics can perform more actions without waiting for the system to
settle into its precise position. In this regard, all dynamic systems vibrate when they
move and bounce like a spring when the start and stop. The starting and stopping is
achieved through acceleration and deceleration. When the robotics — for example, the
gantry — accelerates or decelerates, the entire automation structure and base mounting
frame may shake. The servo controller described herein operates to counteract the
vibrations caused, for example, by this acceleration or deceleration. The way that the
servo controller knows where and when the robot moves or shakes is through use of an
encoder device. The encoder device includes an encoder scale and an encoder reader
head. The encoder scale is attached to the frame of the test system, and the encoder
reader head is attached to the moving axis of the robotics — for example, the gantry
beam. The encoder head reads the encoder scale to identify vibrations. For example,
vibrations can be detected if the encoder head moves relative to the scale.

If the encoder scale is also shaking due to the vibrations of the frame induced by
acceleration of the robotics, then the servo controller may not be able to decipher the
difference between movements of the robotics and shaking of the frame. To address
this problem, a force frame may be used in the test system. The force frame is a
physical mechanism to separate the mounting of the encoder scale and the robotics’

linear motors. The encoder scale is mounted to a segregated frame (the force frame)
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that does not contain motors or robotics. This force frame remains stable even if the
frame that holds the motors vibrates. This mechanical mechanism may improve the

settling time of the robot in that settling can be addressed by the servo motor even in
cases where the frame holding the robotics’ linear motors vibrates. The force frame
may be segregated from the main Y-axis of a dual-motor gantry robot has the largest
accelerations and vibrations and has the most impact on the settling time.

Implementations of the example test system described herein include a vision
system. An example vision system may include cameras, LASER scanners, or a
combination of cameras and LASER scanners of the type described below.

Referring to Figs. 29, 39, and 40, test system 80 may include a camera 107,
such as a three-dimensional (3D) camera, that is mounted to gantry beam 108 via
mounting structure 110. In some implementations, the 3D camera may be implemented
using an imaging device, which may include two or more lenses, that enables
perception of depth in captured images to produce a 3D image. In some
implementations, the 3D camera may be implemented or approximated using a two-
dimensional (2D) camera in combination with a point LASER. In this type of 3D
camera, two dimensions (for example, Cartesian X and Y) are captured with the 2D
camera and depth is captured using the point LASER, an example of which is the one-
dimensional (1D) LASER range finder of Fig. 43. Accordingly, for purposes described
herein, a 3D camera may include any electronics and/or optics that is capable of
capturing images having three dimensions, such as length, width, and depth.

Camera 107 is down-pointing, meaning that it is configured to capture images of
surfaces and objects below it. Camera 107 is mounted near a group of pickers 111
including picker 101, which are also mounted on gantry beam 108. Camera 107 is
configured and controllable to move linearly across the gantry beam along with the
pickers. Although only one such camera is shown in the figures, the test system may
include more than one such camera. For example, there may be one camera per
picker. Camera 107 may have an adjustable height relative to the gantry beam. For
example, a lens of camera 107 may be movable in the Z-dimension towards or away
from the surface that the camera is imaging. Moving the lens or camera farther away

from the surface increases its field of view, thereby allowing it to capture data over a
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larger area than when the lens or camera is moved closer to the surface. For example,
based on the position of the camera and gantry beam, the camera may capture images
of one or more empty test sockets not covered by their lids, one or more occupied test
sockets not covered by their lids, or one or more occupied test sockets covered by their
lids. For example, based on the position of the camera and the gantry beam, the
camera may capture one or more cells in a tray that do, or do not, hold DUTs.

Image data from camera 107 may be 3D data representing a test socket and, in
some cases, a test socket containing a DUT. The 3D contains data representing the X,
Y, and Z dimensions. This data is sent by the camera to the control system wirelessly
or over one or more system buses. The control system is configured — for example,
programmed — to analyze the data received from camera 107. The data may be used
to calibrate the camera and/or to position the pickers. For example, the data may
identify a location of the test socket and/or a location of a device in the test socket such
as when a lid is off the test socket. The control system may compare this information to
expected locations of the test socket and/or the device, and adjust the locations of the
pickers accordingly, either through movement along the gantry beam or using the Y-axis
jog described previously. For example, the data may identify a location of the cell in a
tray and/or a location of a device in the cell. The control system may compare this
information to expected locations of the cell and/or the device, and adjust the locations
of the pickers accordingly, either through movement along the gantry beam or using the
Y-axis jog described previously. The adjustments may be performed in real-time. In
this example, real-time may be during test operations. Real-time may include actions
that occur on a continuous basis or track each other in time, taking into account delays
associated with processing, data transmission, hardware, and the like.

In some implementations, the vision system includes a 3D LASER scanner that
is down-pointing and that is configured — for example mounted, directed, and/or
controlled — to scan across the array of test sockets in the test system in a manner
similar to the LASER scanner described with respect to Fig. 46. Scanning may be
performed on empty test sockets not covered by their lids, occupied test sockets not
covered by their lids, or occupied test sockets covered by their lids. In some

implementations, scanning may be performed prior to testing in and the resulting data
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may be stored in memory and used to position the pickers as described above. The
down-pointing 3D scanner may be mounted on one or more motorized axes and may
capture 3D data that forms a 3D point cloud representation of the test sockets. In some
implementations, a 3D camera may replace the 3D laser scanner.

This 3D data obtained by the laser scanner or camera may be sent to the control
system in the manner described previously. The control system may be configured —
for example, programmed — to process the 3D data to determine, for example, the roll
and pitch of a single test socket plane as well as a test socket height (Z value). The
control system may be configured to process the 3D data determine the roll and pitch of
a plane containing some or all test sockets and the average height of test sockets in the
plane. The control system may be configured to process the 3D data to determine the
X, Y, and Z coordinates of, and yaw information for, an individual test socket by taking
into account identifiable features of the test socket such as a 2D array of spring-loaded
connector (e.g., Pogo pin) holes shown in the 3D data. The X, Y, Z coordinates and
yaw information may be used by the control system to control the pickers. For example,
the 3D data may identify a location of the test socket and/or a location of a device in the
test socket when lid is off the test socket. The control system may use such information
to control the positions of the pickers, either through movement along the gantry beam
or using the Y-axis jog described previously. The control system may compare this
information to expected locations of the test sockets and/or the devices, and adjust the
locations of the pickers accordingly, either through movement along the gantry beam or
using the Y-axis jog described previously. In some implementations, the pickers may
be adjusted in this manner during or prior to testing operations.

In some implementations, the preceding 3D scanning may be performed during
pick-and-place operations implemented during system operation. In this case, the 3D
data from the one or more 3D scanners may be used as described herein to control
operations of the pickers in real-time. In some implementations, the preceding 3D
scanning may be performed prior to pick-and-place operations implemented during
system operation. The information about test socket and device placement may be
used instead of, or in addition to, the information captured by the 3D camera of Fig. 40.

For example, the information from the 3D scanner may augment the information from
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the 3D camera or the information from the 3D camera may augment the information
from the 3D scanner, and the resulting information may be used to control the pickers in
real-time. For example, the information from the 3D scanner and the 3D camera may
be averaged by the control system and the control system may use this averaged
information to control the pickers in real-time. In some implementations, one or more
3D scanners may replace the one or more 3D cameras of Fig. 40. Some
implementations may not include down-pointing 3D scanners of this type.

The test system may require placement of DUTs into test sockets and/or tray
cells at a precision measured in single-digit microns, double-digit microns, triple-digit
microns, or at any other appropriate precision. Placement at such precisions may
require knowledge of how the DUT is being held by the picker prior to placement. To
this end, the test system may include one or more (in this example, two) 3D LASER
scanners 112, 113 mounted underneath pickers 111 and pointing upwards towards
pickers 111, as shown in Fig. 41. The 3D LASER scanners are up-pointing in the
example of Fig. 41, meaning that they point upwards towards the bottom of pickers 111
and, therefore, capture the underside of each DUT 116 held by the pickers. In Fig. 41,
a LASER source scans pickers 111 holding the DUTs during movement along gantry
beam 108 (X direction 118) and/or during movement of gantry beam 108 (Y direction
119). The up-pointing 3D LASER scanner(s) may be mounted on fixed brackets and
may capture 3D data that forms a 3D point cloud representation of a DUT being held in
a picker that itself is mounted on motorized axes. In an example, the 3D LASER
scanners capture 3D data representing X, Y, Z coordinates and roll, pitch, and yaw
information of a DUT being held by the picker nozzle before the DUT is placed into a
test socket. The resulting data is sent to the control system, which generates a 3D point
cloud based on the data. The control system uses the 3D point cloud, together with
information about the locations of the test sockets, to control operation of the pickers to
place the DUTs in the test sockets. For example, the control system may use the
locations of the test sockets and the DUT X, Y, Z coordinates and roll, pitch, and yaw
information to adjust the locations of the pickers accordingly, either through movement
of the gantry beam, along the gantry beam, or using the Y-axis jog described previously.

In some implementations, the control system uses the 3D point cloud, together with
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information about the locations of the test sockets, to control operation of the pickers to
place the DUTs in tray cells.

The control system may use 3D data from both of the one or more up-pointing
3D LASER scanners 112, 113 and the one or more down-pointing 3D cameras of Fig.
40 to control the gantry and to control the pickers place DUTs into appropriate test
sockets. The control system may use 3D data from both the one or more up-pointing
3D LASER scanners 112, 113 and the one or more down-pointing 3D LASER scanners
to control the gantry and to control the pickers place DUTSs into appropriate test sockets.
For example, the 3D data from the down-pointing 3D scanners or cameras may
represent information about the location, configuration, size, and other attributes of a
target test socket, as described herein. The 3D data from the up-pointing 3D scanners
may represent information about the location and orientation of a DUT on a picker. The
control system may receive both sets of 3D data from the two 3D scanners and control
placement of the DUT into the target test socket based on the two sets of 3D data.

Referring to Fig. 42, in some implementations, test system 80 includes an array
120 of cameras, which may be 3D cameras or 2D cameras, mounted underneath the
pickers 111. The cameras are up-pointing, meaning that they point upwards towards
the bottom of pickers 111 and, therefore, capture the underside of each DUT such as
DUT 116 held by the pickers. Each time the pickers move to place a DUT in a test
socket, the gantry and pickers may be moved over the cameras 120 for image capture.
In this example, strobe lights 121 are mounted on either side of the cameras and
pickers. The strobe lights are configured to flash or illuminate at least the underside of
the pickers to enable cameras 120 to capture images of the DUTs held by the pickers.
An example implementation of cameras 120 and strobe lights 121 is also shown in Fig.
14 and the related figures, there labeled as cameras 122 and strobe lights 123.
llluminating the underside of the pickers in the manner described enables cameras 120
to capture images of the DUTs before the DUTS are placed into the test sockets (or, in
some examples, into the trays). Data captured by cameras 120 may be sent to the
control system. The control system is configured to process that data to determine the
position and orientation of a DUT held by the picker or of each DUT held by each picker.

The control system may use the position and orientation of the DUT obtained by the up-
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pointing cameras in combination with, or independently of, the data obtained by the up-
pointing 3D LASER scanner to adjust the locations of the pickers during placement of
DUTs, either through movement of the gantry beam, movement along the gantry beam,
or using the Y-axis jog described previously. The control system may use the position
and orientation of the DUT obtained by the up-pointing cameras in combination with, or
independently of, the data obtained by the down-pointing 3D LASER scanner(s) to
adjust the locations of the pickers during placement of DUTs, either through movement
of the gantry or along the gantry beam or using the Y-axis jog described previously.
The control system may use the position and orientation of the DUT obtained by the up-
pointing cameras in combination with, or independently of, the data obtained by the
down-pointing 3D camera(s) to adjust the locations of the pickers during placement of
DUTs, either through movement of the gantry, movement along the gantry beam, or
using the Y-axis jog described previously.

Cameras 120 may enable picture taking on-the-fly, for example, in real-time. For
example, after picking a DUT and before placing the DUT into a test socket, the DUT’s
precise position and orientation in the picker may be determined. In order to improve or
to maximize throughput, after the DUT has been picked from a tray, the gantry beam
may move at full speed towards the up-pointing cameras 120 but slow down as the
gantry approaches the up-pointing cameras. The DUT picker will then move at a
reduced speed and, in some implementations a constant speed, above the up-pointing
cameras 120. Light from strobe lights 121 captures a freeze-frame of the underside of
the DUTs held by the pickers and the control system processes data representing those
images to calculate the desired information.

As noted, strobe lights 121 are arranged and controlled to flash light while
pickers holding DUTs are moving at a velocity that is constant or substantially constant
— for example, less than 1%, 5%, or 10% deviation from a prescribed velocity. The
number of pickers in the test system may be based on a desired maximum throughput.
Similarly, the up-pointing cameras may vary in number. In some implementations, there
may be a single up-pointing camera. In some implementations, there may be the same
number of up-pointing cameras as the number of pickers, as shown in Fig. 42. In

examples where there is only one up-pointing camera, each picker holding a DUT is
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controlled to move in the X-dimension to pass over the camera sequentially one-by-one.
The strobe lights 121 flash for each image taken and the camera captures the images
sequentially. In this case, the gantry to which all of the pickers are attached does not
continue its travel towards the target sockets until all the images have been captured.
In the example where there is a same number of up-pointing cameras as the number of
pickers, the cameras operate in parallel to capture all images at the same time and the
strobe operates once. In some examples, there may be multiple cameras but not one
per picker. In that case, the pickers, the cameras, and the strobe may be controlled to
capture images using a combination of sequential and parallel image captures. By
having one up-looking camera for each picker, test system throughput can be
increased. By contrast, fewer cameras may lower the cost of the test system.

All or some of the cameras in the vision system may be positioned on
independent servo axes to expand their depths of field. For example, each camera or
its lens may be positioned on an independent servo axis and controlled independently
to move towards or away from its target for image capture — in the examples described
herein, that is in the Z-dimension. In this regard, in some implementations, camera and
lens combination used in the test system may have a shallow depth of field. The height
of the camera’s target can change based on DUT thickness and general variations of a
plane containing the test sockets. In order to bring the target into focus, each camera
may be mounted on a motorized axis that is controllable through servo control to
position the camera’s lens relative to its target. This type of control also enables the
system to support DUTs having different heights or thicknesses.

Referring to Fig. 43, to reduce the chances of damage to a DUT or the test
system, the vision system employs one or more 1D LASER range finders 125 to
determine whether the DUT has been placed properly in the test socket. Each LASER
range finder may be mounted to a picker assembly such as picker 101 of Fig. 40 and
may operate in the manner described herein. An example LASER range finder 125 is
downward-pointing and controllable to direct one or more (in this example, two) LASER
beams 126, 127 to the DUT 128 in the test socket. Using these LASER beams, the
LASER range finder detects a vertical distance from the output of the LASER range
finder to a point 130 on DUT 128. The LASER range finder is operated across a

47



10

15

20

25

30

WO 2022/087166 PCT/US2021/055899

surface of the DUT to detect distances to an array 133 of points on DUT 128, as shown
in Fig. 44 for example. Data representing the distance to each point is sent to the
control system. The control system processes the data to determine a plane defined by
the points. The data may represent an orientation and a position of the plane in 3D
(e.g., XYZ) space). The plane constitutes a representation of the plane of the top of the
DUT in the test socket. The control system may be configured to compare this plane to
an expected position of the DUT in the test socket. The decision of whether or not to
press the actuator down onto the DUT may be altered if the DUT position deviates from
an acceptable position by too much. For example, if the result of the comparison is that
the DUT is not in its expected position, or it deviates from its expected position by more
than a predefined amount, such as 1%, 2%, or 3% in any dimension, then the control
system may determine that the DUT is not positioned properly in the test socket. The
control system may then prevent placement of the lid over the test socket and control
the pickers and the gantry to move to the test socket containing the DUT, to remove the
DUT from the test socket before a lid is placed over the DUT, and to replace the DUT in
the test socket. In some implementation, the DUT may be placed back in a tray. If the
result of the comparison is that the DUT is in its expected position, or it deviates from its
expected position by less than an acceptable predefined amount, such as 1%, 2%, or
3% in any dimension, then the control system may control placement of a lid over the
test socket and force the lid downwards as described herein. The LASER range finder
may be configured to perform its measurements during approach of the gantry to a
target test site or departure of the gantry from the target test site and, therefore, may not
require additional gantry cycle time. That is, the LASER range finder may be configured
to detect distances to the DUT placed into the socket concurrent to movement of the
gantry before or after placement of the DUT into the socket.

As indicated above, the LASER range finder makes its determination before a lid
is placed over the DUT in the test socket. Furthermore, as noted, operations performed
by the LASER range finder may occur in parallel with — for example, concurrently with or
at the same time as — the gantry moves the pickers to a next set of test sockets.

Operation in this manner may result in negligible or no effect on throughput.
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Referring to Fig 45, in some implementations, a test socket 135 of test system 80
may include internal LASER beams to detect a position of the DUT in the test socket.
For example, test socket 135 may include a fiber optic sender 136 to output one or
more (in this example, two) LASER beams across the test socket and a fiber optic
receiver 135 to receive the LASER beam(s) output by the fiber optic sender. In this
example, the fiber optic sender outputs two different LASER beams 139 and 140 at
different heights — for example at 0.35mm above base 141 of the test socket and at
0.85mm above base 141. The fiber optic sender and the fiber optic receiver send data
to the control system reporting their operational states. If the control system determines
that the fiber optic sender is outputting a LASER beam 139 at 0.35mm above base 141
and that the fiber optic receiver is not receiving that LASER beam, the control system
infers that there is a DUT in the socket blocking the LASER beam. The control system
thereby determines that the DUT is in the socket. The different LASER beams may also
be used to determine the position of the DUT in the socket. For example in some
implementations, the through-socket LASER beam 140 located at 0.85mm above base
141 may be used to detect a DUT that is not in plane with the socket, and therefore,
detect a crooked or misplaced DUT. For example, the control system may know the
dimensions of the DUT and the socket. Based on this information, the control system
may know that both LASER beams should be blocked by the DUT. If only one LASER
beam is blocked — for example, if the fiber optic receiver reports receiving LASER beam
140 but not LASER beam 139 — the control system may determine that the DUT is not
placed properly in the test socket. The control system may then control the pickers and
the gantry to move to the test socket containing the DUT, to remove the DUT from the
test socket before a lid is placed over the DUT, and to replace the DUT in the test
socket.

Referring to Fig. 46, in some implementations, the vision system includes a 3D
LASER scanner 144 that is down-pointing, meaning that it is configured to scan
surfaces and objects below it. Fig. 46 shows a single 3D LASER scanner 144 scanning
a single tray 148 in the Y-dimension 149; however, the test system may contain multiple
such 3D scanners (for example, one 3D scanner per tray) or a single 3D scanner may

scan multiple trays simultaneously. The 3D LASER scanner 144 is configured to scan
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across a tray 148 comprised of cells holding DUTs to be tested and DUTs that have
been tested. The scanning may be performed to determine which cells in the tray
contain devices, which do not, and whether devices are placed properly in their
respective cells. The down-pointing 3D scanner may be mounted on one or more
motorized axes and may capture 3D data that forms a 3D point cloud representation of
the tray and cells. This data may be sent to the control system in the manner described
previously. The control system may be configured — for example, programmed — to
process the 3D data to identify which cells in the tray contain devices and which do not.
For cells in the tray that contain devices, the control system may be programmed to
determine whether those devices are correctly positioned, e.g., at a prescribed
orientation, in their respective cells. In some implementations, the control system may
be configured to determine the roll and pitch of a plane representing some or all of a
tray and the average height of devices in the tray. The control system may be
configured to process the 3D data to determine the X, Y, and Z coordinates of, and yaw
information for, a cell containing a device by taking into account the known structure of
the cell, such as its four corners. The X, Y, Z coordinates and yaw information may be
used by the control system to control the pickers. For example, the 3D data may
identify a location of a tray cell containing a device and a position of the device in that
cell. The control system may compare this information to expected locations of the test
socket and/or the device, and adjust the locations of the pickers accordingly, either
through movement of or along the gantry beam or using the Y-axis jog described
previously. In some implementations, the pickers may be adjusted in this manner
during or prior to testing operations. In some implementations, a 3D camera may be
substituted for 3D LASER scanner 144.

The test system may include a permanently mounted LASER cleaner system on
an auxiliary gantry. For example, as shown in Fig. 47, a LASER cleaning head
assembly 159 configured with vacuum debris extraction may be attached to a separate
automated gantry 160 built onto the same bearing system supporting a main gantry
beam 161, which may have the same configuration and operation as gantry beam 21 of
Fig. 3 or gantry beam 32 of Figs 4 to 28. The LASER cleaner system is controllable to,

and configured to, clean the test sockets inside the test system without removing the
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test sites or packs from the system frame. The auxiliary gantry and LASER cleaning
assembly held thereon may be controlled by the control system and configured to move
the LASER cleaning assembly relative to the test sockets in order to clean the test
sockets using one or more LASER beams 163. Debris loosened or broken-away by the
LASER beams may be suctioned-up using a vacuum also mounted on the auxiliary
gantry. In some examples, cleaning on some test sockets may be performed while
testing is performed on other test sockets and while the main gantry services test
sockets that are not currently being cleaned.

As described previously such as with respect to Figs. 4 and 28, each test site
includes a lid that covers a DUT in the test socket and that holds the DUT in the test
socket. Referring to Figs. 48 to 61, an example test site includes a lid 166 for the test
socket 165 and an actuator 167 configured to force the lid onto, and hold the lid on, the
test socket and to remove the lid from the test socket. Actuator 167 includes an upper
arm 168 to move the lid; an attachment mechanism 175 (see Fig. 52) connected to
upper arm 168 to contact lid 166; and a lower arm 170 to connect and to anchor
actuator 167 to a test site circuit board 171 containing test socket 165.

In an example configuration, the test system includes actuator 167 having an
upper arm 168 configured to move vertically in the Z-dimension towards and away from
socket 165. The actuator is configured to move a lid onto the test socket and to move
the lid off the socket so that the pickers have clear access to the DUT and test socket.
A lid assembly or simply “lid” is configured for the specific socket application in terms of
DUT size and thickness, whether the DUT is configured for top testing, and any DUT-
specific heating or cooling requirements An attachment mechanism, which may be
considered part of or separate from the lid, includes a stop plate that abuts the socket
frame when the lid is full engaged with the test socket to establish a precision Z-
dimension (or vertical) reference. The lid includes springs that are compressible to
provide precise forces to the device in the socket even if there is fluctuation in force
applied by the actuator. The lid includes a cap that contacts the device. This cap is
aligned to the socket via alignment pins that also align to thermal control components in
the lid. The thermal components are described in more detail below and may include

passive heat sinks or active components such as a liquid cooled plate, a thermoelectric
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cooler (TEC), and/or electric heating elements. The test socket may also include
temperature one or more sensors to monitor the temperature of the components. The
test socket may also include one or more temperature sensors to monitor the
temperature of the test socket or the test site containing the test socket.

The upper arm holds the socket lid. The dimensions of this upper arm can be
configured based on the dimensions of a specific device to test — e.g., an application
board — to provide appropriate reach. Between the upper arm and the lid is an
attachment mechanism 175 that allows the lid to float, ensuring compliance between the
lid and arm and accurate alignment between the lid and test socket. This attachment
mechanism may include springs and centering features so as to return the lid assembly
to a center of its floating range. The upper arm also contains features to support any
cables or wires required for thermal control components or other test features such as
radio frequency (RF) probing to a top of a device. The lower arm is configured to attach
the assembly to another structure, here the customer test site board containing the test
socket 165. The lower arm also supports an end-user test site board and a support
spider that connects the board to the arm.

As shown in Fig. 48, upper arm 168 is configured and controllable by the control
system to rotate away from test socket 165 to expose test socket 165 or a device
contained therein. This exposure allows a picker to access the test socket either to
place a device into the test socket for testing or to pick-up a device from the test socket.
After a device has been placed into the test socket 165, upper arm 168 is configured
and controllable by the control system to rotate towards the test socket to place lid 166
over the test socket, as shown in Figs. 49 and 50. As shown in Figs. 48 to 50, screw
182 is configured and arranged to enable the rotation of the upper arm.

Attachment mechanism 175 (Fig. 52) is configured to allow the lid to float relative
to test socket 165 to enable precision alignment between the lid and the test socket.
That is, the attachment mechanism is configured to move the lid into contact with the
device in the test socket. The lid floats in the sense that, following contact with the
device in the test socket, little or no downward pressure is applied to the lid allowing the
lid to move, at least slightly, in one or more dimensions relative to the device in the test

socket. For example, the lid may be permitted float in three, four, five, or six degrees of
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freedom relative to the test socket, where the six degrees of freedom include forward-
backward movement (Y dimension), left-right movement (X dimension), up-down
movement (Z dimension), pitch, yaw, and roll. In some examples, the amount of
movement permitted during floating may be measured in single-digit microns, double-
digit microns, or triple-digit microns (single-digit millimeters); however, other amounts of
movement may be enabled. The floating allows the lid to settle over the test socket
relative to the device therein and may reduce the chances of damage when the lid is
forced onto the test socket as shown in Figs. 49 and 50. In this regard, in some
implementations, upper arm 168 may be configured and controllable to rotate slightly
following contact between the lid and the test socket to promote settling.

As explained previously, actuator 167 is configured and controllable by the
control system to force the lid into the test socket. That is, after the lid is over the
device in the test socket and has settled in place, the actuator applies downward force
in the Z-dimension in the direction of arrow 184 (Fig. 50) to force the lid onto the test
socket so that the lid stays in place and is resistant to movement, during testing. Lower
arm 170 anchors actuator 167 to a circuit board 171 containing test socket 165, as
shown in Fig. 50. Downward force applied by the upper arm forces lid 166 onto the test
socket and device. There the lid may be held until testing on the device in the test
socket is completed. Afterwards, the lid may be removed to expose the tested device.

Figs. 51 and 52 show an example configuration of actuator 167 and attachment
mechanism 175. More specifically, Figs. 51 and 52 show actuator 167 including upper
arm 168 and lower arm 170. Upper arm 168 includes attachment mechanism 175 and
lid 166 for placement over test socket 165. Lower arm 170 anchors the actuator 167 to
test site board 171. Fig. 52 shows components of an example attachment mechanism
175 and example lid 166 within the dashed circle. Lid 166 includes a structure such as
cold plate 190, a TEC 191, and a cap 192. The cap directly contacts the DUT in the test
socket. The cold plate and the TEC are part of a thermal control system for
independently and asynchronously controlling the temperature of individual test sockets.
A coolant connection 195 transports liquid coolant to the cooling plate. The thermal

control system is described in more detail below with respect to Figs. 63 to 65.
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Attachment mechanism 175 includes stop plate 196 configured to abut the test
socket frame 220 when the lid is full engaged with the test socket to establish a vertical
(or Z-dimension) height reference. The stop plate may be a structure having at least
one flat surface in some implementations. When full force is applied to lid 166, as
shown in Fig. 57, stop plate 196 contacts the socket frame 220, which prevents or
restricts further downward movement of the lid. Alignment 198 pins match, and fit
within, corresponding alignment sockets (that is, holes) on the socket plate. In this
example, gimbal 201 is an acorn nut comprised of a block having a rounded or semi-
spherical tip 202 and a body 203 that is polyhedral in this example. The body connects
to upper arm 168 and tip 202 contacts stop plate 196. This arrangement allows the lid
to tilt freely about the gimbal in multiple dimensions — for example, to float — relative to
the test socket prior to the application of full force to the lid by the actuator. The lid also
contains one or more float springs 205 that may be wrapped around corresponding
cylinders that are part of, or that contact, the upper arm or the stop plate. For example,
float spring 205 is wrapped around a cylinder. Float spring(s) 205 enables the lid to
float relative to the test socket prior to the application of force to the lid by the actuator.
For example, the float spring allows the lid to tilt freely in multiple dimensions relative to
the gimbal while still constraining some motion to maintain connectivity. Lid 166 also
includes one or more cap springs such as cap spring 206. Cap spring 206 holds stop
plate 196 relative to lid 166 and compresses when force is applied by the actuator.

Figs. 53 to 57 show a sequence of operations in which example actuator 167
attaches example lid 166 to example test socket 165. In Fig. 53, there is a rough
alignment between lid 166 and test socket 165. That is, actuator 157 rotates the lid into
position over the test socket such that the alignment pins 198 (only one is visible in the
figures) align to, but do not engage, corresponding alignment sockets on test socket
165. Actuator 167 thereafter moves the alignment pin toward the alignment socket.
Movement of components of the actuator and lid toward the test socket are shown by
dashed arrow 210.

In Fig. 54, lid 166 is finely aligned to the test socket by moving the cap into
position over of a complementary portion of the test socket containing a DUT and

making any rotational adjustments necessary to ensure that the lid is properly aligned to
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the DUT and test socket. An example of the complementary portion is within the outline
211 of Fig. 45. Actuator 167 begins moving lid downward toward the test socket so that
alignment pin 198 moves into its complementary alignment socket. In Fig. 55, actuator
167 continues to move lid 166 downward and into toward test socket 165 such that its
cap contacts a DUT in the test socket, as shown by dashed arrow 212. In Fig. 56,
actuator 167 continues to move lid 166 downward and into test socket 165 forcing
gimbal 201 against stop plate 196 and causing float spring 205 and cap spring 206 (Fig.
52) to compress. The lid continues to float to support alignment between the lid and the
test socket containing the DUT. The cap is forced further into the test socket as shown
by dashed arrow 214. In Fig. 57, actuator 167 continues to move lid 166 downward and
into test socket 165, as shown by arrow 216. Force applied by actuator 167 against
stop plate 196 forces stop plate 196 against the test socket frame 220 as shown by
arrow 221, thereby preventing further downward movement. At this point, the lid is
firmly over the test socket and not movable in any dimension. The lid no longer floats in
other words. The lid may be retained forcibly against the test socket during a duration
of DUT testing by the test system.

To remove lid 166 from the test socket, actuator 167 moves in the direction of
arrow 217, taking lid 166 with it. Actuator 167 may then rotate upper arm 168 to expose
test socket 165 to allow the pickers to access a DUT that has been tested.

Figs. 58 to 60 show examples of cable and coolant paths through components
of actuator 167 and lid 166. Fig. 58 shows cable grommets 190 holding electrical wiring
220 to control operation of TEC 191, electrical wiring 221 to control cartridge heaters on
the cold plate 190 (described below), electrical wiring 222, 223 to communicate with
upper and lower temperature sensors, respectively on lid 166, and coolant conduits 224
to circulate coolant to and from cold plate 190. Fig. 59 shows a back-perspective view
of the actuator and lid shown in Fig. 58. Fig 58 shows that the length is relatively long
and the radius path is relatively large for the wiring and coolant connections 227
described with respect to 58, which produces slack in the wiring and coolant
connections that may reduce stress on the wiring and coolant connections during
movement of the actuator. Fig. 60 is a cut-away side view of lid 166 showing an

example path for electrical wiring 228 to a lower temperature sensor on lid 166.
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Referring to Fig. 61, in some implementations, each test socket includes an
enclosure 230 to house a test socket 165 and a DUT in test socket 165. The enclosure
230 may provide complete or partial thermal insulation around the test socket and the
DUT in the test socket. The enclosure 230 may also provide a complete or partial
environmental — for example, a physical or hermetic — seal around the test socket and
the DUT in the test socket. The enclosure may be modular and, therefore, removable to
support testing with or without the enclosure. The enclosure is also configured to
enable contact between cap 192 and the DUT in the test socket and, therefore, to
enable thermal communication — for example thermal conduction — between the DUT
and the TEC 191 and cold plate 190, as described below. That is, in this example, the
cap creates a thermal path between the TEC and the DUT. As shown in Fig. 61,
enclosure 230 includes a hole or opening 232, through which a picker can pick-and-
place a DUT, and through which actuator 167 can place the test socket lid over the test
socket containing the DUT. An enclosure lid or cover may plug the hole, as described
below. In some implementations, the enclosure may reduce or minimize power usage
when hot and may reduce or prevent condensation when cold.

In some implementations, the control system controls the liquid coolant to keep it
at a temperature that is above a dew point temperature of an environment containing
the test system. The dew point is a temperature at which air must be cooled to saturate
with water vapor. Saturation exists when the air is holding a maximum amount of water
vapor possible at a given temperature and pressure. When the temperature is below
the dew point, the water vapor in the air is released as liquid water, namely
condensation. Keeping the liquid coolant above the dew point temperature may prevent
condensation on the coolant transmission conduits, on the lid, and elsewhere in the test
system. Example dew points for environmental temperatures include, but are not
limited to, indoor air maintained at 20-24.5°C (68—-76°F) with a 20-60% relative
humidity, equivalent to a dew point of 4.0 to 15.5°C (39 to 60°F).

In this regard, an enclosure, such as enclosure 230, creates a thermally-
insulated and a hermetically-sealed micro-environment around its respective test
socket. The dew point temperature within that micro-environment may be managed, for

example, by applying vacuum pressure to the enclosure as described in more detail
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below. In this regard, decreasing the atmospheric pressure within enclosure 230 may
decrease the dew point temperature in the micro-environment. In some examples, dry
air may be introduced into the enclosure as described in more detail below in order to
control the dew point within the micro-environment. The rate of flow of, and/or the type
of, the liquid coolant may therefore be controlled — for example, changed or varied — to
produce low temperatures in the micro-environment, such as temperatures at or below
0°C (32°F), while keeping those temperatures above the lowered dew point temperature
of the micro-environment. The combination of managing the dew point temperature in
the micro-environment and controlling the type and/or flow rate of the liquid coolant to
keep the temperatures produced thereby above the managed dew point temperature
enables low-temperature cooling of the DUT in the test socket while reducing or
preventing condensation on or around the DUT, on or around the test socket, or on or
around other components and/or electronics included within the enclosure. In this
regard, in some implementations, the thermal control system is configured to control a
temperature of a DUT in a test socket in a range from below 0°C (32°F) to over 150°C
(302°F). Other implementations may perform temperature control over different ranges.
Enclosure 230 may be made of metal, composite, or plastic. Enclosure 230 may
thermally insulate a DUT in test socket 165 from all or some other DUTs and/or test
sockets in the test system. This insulation, combined with the thermal control system
described with respect to Figs. 63 to 65, enables independent and asynchronous
thermal testing of DUTs by the test system. For example, the test system may perform
thermal test on DUTs in different test sockets independently of thermal tests performed
on other DUTs in other test sockets. For example, the test system may perform two
different independent and asynchronous thermal tests on two different DUTSs in test
sockets in the same pack or in the same row in that pack. For example, the test system
may perform two different independent and asynchronous thermal tests on two
immediately adjacent DUTs; that is, DUTs in two test sockets that are right next to each
other in the same row or column. Also, in connection with the thermal control system
described herein, the enclosure enables the test system to independently and
asynchronously control the temperature of each individual test socket in the test system.

Notably, independent and asynchronous testing is not limited to thermal testing. That
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is, the test system may perform any appropriate tests, such as electrical or RF tests, on
DUTs in different test sockets independently of and asynchronously from other
concurrent tests performed by other DUTs in other test sockets.

Actuator 167 also may hold an enclosure lid 234 that fits over and thermally and
physically seals hole 230 when the test socket lid is placed over the test socket. In
some implementations (not shown in the figures), the bottom half of the enclosure is
around the test socket and the upper arm holds the top half of the enclosure and places
it over the bottom half while placing the lid over the test socket. The bottom half of the
enclosure may include the socket frame with a fitting to connect to purge air or vacuum.
The top half of the enclosure may be attached to the cold plate and swing into place
with the upper arm. The TEC, the cap, and DUT will be in the enclosure.

In some implementations, enclosure 230 and enclosure lid 234 hermetically seal
the test socket and DUT contained therein. For example, the enclosure and lid may
physically isolate the test socket and DUT from all or some other test sockets and DUTs
in the test system and may create an air-tight region around the test socket and DUT.
This isolation and thermal insulation can prevent contaminants from infecting the testing
operations and enable precise temperature control. A fitting 236 may be included on
enclosure 230. The fitting may include a port to allow access to the enclosure’s interior.
For example, vacuum pressure or a gas purge may be applied to the port. A vacuum
pressure, or vacuum, may include a pressure that is less than local atmospheric
pressure and that may be defined as a difference between the local atmospheric
pressure and a point at which the pressure is measured. The vacuum may suction air
or contaminants from the hermetically-sealed enclosure and may be used to change the
dew point within the enclosure, as described previously. A gas purge may include
introducing dry air or nitrogen gas into the enclosure either before, after, or during
testing. In some implementations, the test system may include one or more supplies of
ionized gas, such as ionized air, that may be introduced into the enclosure to reduce to
minimize ESD events, as described previously. In some implementations, one or more
fans may be configured and arranged move ionized air from the ionized air supply over

all or some of the test sockets while the pick-and-place robots are moving devices into
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and out of the test sockets and during testing. The ionized air may therefore also enter
the enclosures while the test sockets are exposed during system operation.

Referring to Fig. 62, in some implementations, test socket 165 may include
thermally-conductive fins 238 that extend above and below the test socket. The fins
may be made of metal or any appropriately thermally conductive material and may
facilitate heat dissipation into the environment from the test socket during testing. The
fins may be within the enclosure in some implementations.

Referring to Fig. 63, in some implementations, a test system housing 240 defines
a cool atrium 241 that houses the test sockets and that is supplied with cooled air
(represented by arrow 242) and one or more warm atriums 243 arranged to receive air
(represented by arrows 244) from the cool atrium that has been warmed as a result of
testing the DUTs. In the example of Fig. 63, there is one different warm atrium for each
different pack; however, that need not be the case. Any appropriate number of warm
atriums may be included. For example, there may be a single warm atrium. One or
more air ducts 245 may be configured to circulate the warm air from the warm atriums
to an air-to-liquid heat exchanger 247. The air-to-liquid heat exchanger 247 cools the
air to produce the cooled air from the circulated warm air from the atriums. That cooled
air may be moved into the cool atrium by one or more fans 248. In some
implementations, the air circulation system may include one or more air filters 249 to
remove at least some contaminants from the circulating air.

Fig. 64 shows example components 250 that may be included in a thermal
control system for the test systems described herein. The example thermal control
system includes components 253 that are included at each test site. Those
components may be configured to control a temperature of a DUT in a test site
separately from control over temperatures of other DUTs in other test sites. The
components of Fig. 64 therefore enable and/or contribute to the test system’s ability to
control the temperature of individual test sockets independently and asynchronously
and, therefore, to perform testing, including thermal testing, on DUTs in the test sockets
independently and asynchronously.

In Fig. 64, cold plate 190, TEC 191, and cap 192 may be as described with

respect to Fig. 52. As shown, TEC 191 is not directly in contact with a DUT 251, but
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rather is in indirect contact through cap 192. Cap 192 is made of a thermally conductive
material such as metal. Accordingly, the indirect contact between the TEC and the DUT
through the cap still enables thermal conduction between the TEC and the DUT. The
cap thus creates a thermal path between the TEC and the DUT. The resulting thermal
conduction enables control over the temperature of the DUT through transfer of heat
between the DUT and cold plate 190. More specifically, heat is transferred by the TEC
between the DUT (through the cap) and the cold plate. Operation of the TEC to transfer
the heat may be controlled by the control system. In some implementations, the cap
may be left off and the TEC may directly contact the DUT. In such implementations, the
thermal path will be or include a direct path between the TEC and the DUT.

In this example, cold plate 190 has structure that is at least partly flat, hence use
of the term “plate”. However, cold plate 190 may have any appropriate structure,
including cubical structures or polyhedral structures. The cold plate may be reduced in
temperature using liquid coolant conduits that run to, through, and/or over the cold
plate. Examples of liquid coolant that may be used include, but are not limited to,
chilled water, an ethylene glycol and water mixture, hydrofluoroether (HFE), and silicone
oil. One or more conduits 254 are configured to transport the liquid coolant between
cold plate 190 and a supply 255 of the liquid coolant. The supply may be within the
housing of the test system or external to the test system. The liquid coolant thus
circulates between the cold plate and its supply. A liquid/liquid/heat exchanger 257 may
be arranged in the circulation path of the liquid coolant, for example at the supply, to
maintain the liquid coolant at a target temperature using chilled water. A pressure
regulator 259 in conjunction with an expansion tank 260 may be configured to maintain
the pressure of the liquid coolant in the conduits. In some examples, the control system
described herein may control the flow of liquid coolant shown in Fig. 64 and control
operation of the liquid/liquid/heat exchanger 257 to maintain the temperature of the
liquid coolant reaching the cold plate at or below 68° Fahrenheit (F) (20° Celsius (C)).

In some examples, the control system may control these operations to maintain the
temperature of the circulating liquid coolant at different temperatures.

The flow of liquid coolant to each test site is independently and asynchronously

controllable to affect — for example, to reduce — a temperature of a DUT in each test
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site. The control system described herein may control the flow of liquid coolant to the
test site based, for example, on active feedback from temperature sensors at the test
site. The temperature sensors may include a first temperature sensor at, on, or near
the cap 192 to detect a temperature proximate to the DUT and a second temperature
sensor at, on, or near the cap but farther away from the DUT than the first temperature
sensor. Additional or fewer temperature sensors may be used, which may be
distributed across various locations on the lid. In this example, the two temperature
sensors send temperature data to the control system. The control system is configured
to control the temperature of the DUT based on the sensed temperatures based on the
requirements of one or more test programs being run to test the DUT.

As shown in Fig. 64, thermal control system 250 may include one or more valves
to control a flow of the liquid coolant through the conduits to and from the cold plate
190. For example, valve 262 may be opened to allow coolant to flow to cold plate 190
or closed to prevent coolant from flowing to cold plate 190. In some implementations,
the valve may be opened partially or proportionally to regulate the volume of liquid
coolant that is transported to and/or from the cold plate. A greater volume of liquid
coolant provided over a shorter period of time may cause a greater rate of temperature
change than a lesser volume of liquid coolant provided over a longer period of time.

The thermal control system may also include one or more — for example two —
heaters 264 embedded in, or placed on, the cold plate. The heaters are adjustable by
the control system to increase a temperature of the cold plate and, through conduction
via the TEC and the cap, to increase the temperature of the DUT during testing. The
heaters may be arranged at locations on the cold plate that ensure equal or
substantially equal distribution of heat over the cold plate. This temperature increase
may be a requirement of a test program, for example. During a heating cycle, the flow
of liquid coolant to the cold plate may stop or may be reduced so as not to counteract
the heating produced by the heaters. The system may control the heaters to heat the
cold plate at a rate that is greater than or equal to a predefined rate required for testing.
During cooling using the liquid coolant, the heaters may be turned off or turned down so

as not to counteract the cooling produced by the liquid coolant.
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Fig. 65 shows components of the thermal control system in an implementation
that includes enclosure 230 of Fig. 61. The other components of Fig. 65 are the same
as those labeled also in Fig. 64. In this example, at least the combination of the liquid
coolant, the heaters, and the physical and thermal isolation produced by enclosure 230
enables the test system to test the DUT independently of, and asynchronously from,
testing of other DUTSs in other test sites. Fig. 65 also shows the fitting connected to the
enclosure 230 to introduce vacuum pressure or purge gas and/or ionized gas into the
enclosure. In this example, the fitting includes a valve 265 that is controlled by the
control system. The valve may be controllable to open to introduce vacuum pressure or
vacuum — that is, suction —to the enclosure or to close to prevent vacuum pressure
from reaching the enclosure. The valve may be controllable to open to introduce purge
gas to the enclosure or to close to prevent the purge gas from reaching the enclosure.
The valve may be controllable to open to introduce ionized air from an ionized air supply
to the enclosure or to close to prevent the ionized air from reaching the enclosure. In
some implementations, the purge gas and ionized air may be mixed and provided to
enclosure 230 at the same time.

In operation, the temperature of a DUT in a test socket is controlled by changing
a temperature of cold plate 190 that is thermally conductive. This is done by controlling
an amount of liquid coolant that flows through the cold plate and/or controlling a
temperature of the cold plate by controlling operation of one or more heaters in contact
with the plate. The TEC is controlled to transfer heat between the plate and the DUT to
control the temperature of the DUT. Following heated testing, the heaters may be
turned-off and the liquid coolant may be controlled to flow through the structure to cool
the structure down to a handling temperature, such as 68°F (20°C).

In some implementations of the test system described herein, the automated
gantry may include more than one gantry beam that moves relative to a horizontal plane
of test sites. For example, as shown in Fig. 66, example test system 270 may include
two gantry beams 271 and 272, each operating as described herein and containing a
separate set of pickers having the features and operability described herein. During
operation, gantry beams 271 and 272 may be controlled by control system so that the

two gantry beams access different rows of trays and sockets at the same time or at
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different times. For example, gantry beam 270 may access front halves of trays 275
and 276 and may service a front half of the test sockets and gantry beam 272 (which is
in back of gantry beam 271) may access back halves of trays 275 and 276 and may
service a back half of the test sockets. In operation, gantry beams 271 and 272 may
retrieve their devices from the front and back halves of tray 276 contemporaneously or
concurrently, perform pick and place operations on their respective sockets
contemporaneously or concurrently, and then move back to the feeder
contemporaneously or concurrently to deposit tested devices in tray 275 and retrieve
untested devices from tray 276. In some implementations, the system may include
more than two gantry beams, such as three gantry beams or four gantry beams that
each contain respective pickers and that operate in the manner described herein to
service a proportionate share of the test sockets included on the system. In some
implementations, there may be one gantry beam per opposing pair of packs. In some
implementations, each gantry beam may be configured to service all sockets in the
system, allowing one or more of the additional gantry beams to become inoperable
without preventing the system from testing across the whole work area. The other
features of test system 270 may be as described herein with respect to Figs. 1 to 65.

In example implementations, the test system is 1.6 meters (m) in width by 8m in
length. However, the test system is not limited to these dimensions and may be any
appropriate size. The test system may scale to accommodate a user’s needs.

In some implementations, individual packs may operate as stand-alone testers.
For example, test sockets of a pack may be manually loaded with DUTs. The pack may
then perform one or more test routines on the DUT using the test electronics contained
on the packs. In this configuration, a stand-alone pack may, or may not, communicate
with a remote computing or control system to direct testing, to control testing, and/or to
report test results. Upon completion of testing, the DUTs may be manually removed
from the test socket and the process may be repeated.

The example test systems described herein may be implemented by, and/or
controlled using, one or more computer systems comprising hardware or a combination
of hardware and software. For example, a system like the ones described herein may

include various controllers and/or processing devices located at various points in the
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system to control operation of the automated elements. A central computer may
coordinate operation among the various controllers or processing devices. The central
computer, controllers, and processing devices may execute various software routines to
effect control and coordination of the various automated elements.

The example systems described herein can be controlled, at least in part, using
one or more computer program products, €.g., one or more computer program tangibly
embodied in one or more information carriers, such as one or more non-transitory
machine-readable media, for execution by, or to control the operation of, one or more
data processing apparatus, e.g., a programmable processor, a computer, multiple
computers, and/or programmable logic components.

A computer program can be written in any form of programming language,
including compiled or interpreted languages, and it can be deployed in any form,
including as a stand-alone program or as a module, component, subroutine, or other
unit suitable for use in a computing environment. A computer program can be deployed
to be executed on one computer or on multiple computers at one site or distributed
across multiple sites and interconnected by a network.

Actions associated with implementing all or part of the testing can be performed
by one or more programmable processors executing one or more computer programs to
perform the functions described herein. All or part of the testing can be implemented
using special purpose logic circuitry, e.g., an FPGA (field programmable gate array)
and/or an ASIC (application-specific integrated circuit).

Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive
instructions and data from a read-only storage area or a random access storage area or
both. Elements of a computer (including a server) include one or more processors for
executing instructions and one or more storage area devices for storing instructions and
data. Generally, a computer will also include, or be operatively coupled to receive data
from, or transfer data to, or both, one or more machine-readable storage media, such as
mass storage devices for storing data, e.g., magnetic, magneto-optical disks, or optical

disks. Machine-readable storage media suitable for embodying computer program
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instructions and data include all forms of non-volatile storage area, including by way of
example, semiconductor storage area devices, e.g., EPROM, EEPROM, and flash
storage area devices; magnetic disks, e.g., internal hard disks or removable disks;
magneto-optical disks; and CD-ROM and DVD-ROM disks.

Any “electrical connection” as used herein may include a direct physical
connection or a wired or wireless connection that includes or does not include
intervening components but that nevertheless allows electrical signals to flow between
connected components. Any “connection” involving electrical circuitry that allows
signals to flow, unless stated otherwise, includes an electrical connection and is not
necessarily a direct physical connection regardless of whether the word “electrical” is
used to modify “connection”.

Elements of different implementations described herein may be combined to form
other embodiments not specifically set forth above. Elements may be left out of the
structures described herein without adversely affecting their operation. Furthermore,
various separate elements may be combined into one or more individual elements to
perform the functions described herein.

What is claimed is:

65



10

15

20

25

30

WO 2022/087166 PCT/US2021/055899

1. Atest system comprising:

test sites for testing devices under test (DUTSs), the test sites comprising a test
site configured to hold a DUT for testing; and

a thermal control system to control a temperature of the DUT separately from
control over temperatures of other DUTs in other test sites, the thermal control system
comprising a thermoelectric cooler (TEC) and a structure that is thermally conductive,
the TEC being in thermal communication with the DUT to control the temperature of the

DUT by transferring heat between the DUT and the structure.

2. The test system of claim 1, wherein the thermal control system comprises:
liquid coolant to flow through the structure to reduce a temperature of the

structure.

3. The test system of claim 2, wherein the thermal control system comprises:

one or more conduits to transport the liquid coolant between the structure and a
supply of the liquid coolant; and

one or more valves to control a flow of the liquid coolant through the one or more

conduits.

4. The test system of claim 2, wherein the thermal control system comprises:
liquid coolant having a flow to each test site that is independently controllable to

reduce a temperature of a DUT in each test site.

5. The test system of claim 1, wherein the control system comprises:
one or more temperature sensors to detect a temperature of the DUT; and
a control system to control the thermal control system based on active feedback

of the temperature detected at the DUT.

6. The test system of claim 1, wherein the thermal control system comprises:
one or more heaters in thermal contact with the structure, the one or more

heaters to increase a temperature of the structure.
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7. The test system of claim 1, wherein the structure is a plate; and
wherein the thermal control system comprises:

conduits to transport the liquid coolant between the plate and a supply of
the liquid coolant;

a valve along a conduit to control a flow of the liquid coolant through the
one or more conduits; and

heaters embedded in the plate, the heaters to increase a temperature of

the plate.

8. The test system of claim 1, wherein the thermal control system is configured
to control the temperature of the DUT in a range from below 0° Celsius (C) to at least
150° C.

9. The test system of claim 1, wherein the thermal control system comprises:
an enclosure to house the DUT, the enclosure being configured to enable

creation of a thermal path between the TEC and the DUT.

10. The test system of claim 9, wherein the enclosure physically isolates the
DUT from DUTs in other test sites;

wherein the thermal control system comprises liquid coolant having a flow to the
structure that is independently controllable of other flows of liquid coolant in the test
system, the liquid coolant for reducing a temperature of the structure; and

wherein at least a combination of the liquid coolant and physical isolation
produced by the enclosure enables the test system to test the DUT independently of,

and asynchronously from, testing of other DUTs in others of the test sites.

11. The test system of claim 9, wherein the enclosure enables indirect contact
between the TEC and the DUT.
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12. The test system of claim 9, wherein the enclosure enables creation of a
thermal path between the TEC and the DUT.

13. The test system of claim 9, wherein the thermal control system comprises:

a conduit leading from the enclosure, the conduit leading to a vacuum source;
and

a valve along the conduit that is controllable to open to provide vacuum from the
vacuum source to the enclosure and that is controllable to close to prevent vacuum from

the vacuum source from reaching the enclosure.

14. The test system of claim 9, wherein the thermal control system comprises:

a conduit leading from the enclosure, the conduit leading to a purge gas source;
and

a valve along the conduit that is controllable to open to provide a gas purge to

the enclosure.

15. The test system of claim 9, wherein the enclosure is at least partly thermally

sealed.

16. The test system of claim 1, wherein the thermal control system comprises:

one or more conduits to transport liquid coolant between the structure and a
source of the liquid coolant;

wherein the liquid coolant is above a dew point temperature of an environment in

the test system.

17. The test system of claim 1, wherein the test system comprises:

pickers for picking DUTs from the test sites and for placing the DUTs in the test
sites; and

a gantry on which the pickers are mounted, the gantry being configured to move
the pickers relative to the test sites and to change a pitch of the pickers during

movement to match a pitch of the test sites.
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18. The test system of claim 17, further comprising:

a temperature sensor at the test site to detect a temperature at a socket of the
test site;

one or more temperature sensors on the gantry to detect a temperature at the
gantry; and

a control system to change a position of one or more of the pickers based on the

temperature at the socket and the temperature at the gantry.

19. The test system of claim 1, wherein the thermal control systems comprises
(i) a heater that is controllable to heat the structure and (ii) liquid coolant to flow through
the structure to reduce a temperature of the structure; and

wherein the test system comprises a control system to control the heater to heat
the structure during heated testing of the DUT and, following heated testing, to control a
flow of the liquid coolant through the structure to cool the structure to a handling

temperature.

20. The test system of claim 1, wherein the thermal control system comprises
liquid coolant to flow through the structure, the liquid coolant being above a dew point
temperature of an environment in the test system; and

wherein the test system comprises a control system to control a flow of the liquid
coolant through the structure while the TEC conducts heat from the DUT thereby

bringing a temperature of the DUT below a predefined temperature for testing.

21. The test system of claim 1, wherein the thermal control system comprises
one or more heaters that are controllable to heat the structure; and
wherein the test system comprises a control system to control the one or more

heaters to heat the structure at greater than or equal to a predefined rate for testing.

22. A method of controlling a temperature of a device under test (DUT), the

method comprising:
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changing a temperature of a plate that is thermally conductive by controlling an
amount of liquid coolant that flows through the plate;

controlling the temperature of the plate by controlling operation of heaters in
contact with the plate; and

controlling a thermoelectric cooler (TEC), the TEC to transfer heat between the

plate and the DUT to control the temperature of the DUT.

23. The method of claim 22, wherein controlling the amount of liquid coolant that
flows through the plate comprises preventing liquid coolant from flowing through the
plate;

wherein controlling operation of the heaters comprises turning the heaters on to
increase a temperature of the plate; and

wherein the TEC controls the temperature of the DUT by transferring heat from
the plate to the DUT.

24. The method of claim 23, wherein the operation of the heaters are controlled

to heat the DUT at a rate that is greater than or equal to a predefined rate.

25. The method of claim 22, wherein controlling the amount of liquid coolant that
flows through the plate comprises allowing liquid coolant to flow through the plate;

wherein controlling operation of the heaters comprises turning the heaters off to
reduce or to prevent heating of the plate; and

wherein the TEC controls the temperature of the DUT by transferring heat from
the DUT to the plate.

26. The method of claim 25, wherein the liquid coolant is not below a dew point
of an environment in a test system that performs the method; and
wherein the TEC transfers an amount of heat from the DUT to the plate to cause

the DUT to be below a predefined point temperature during testing.
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27. The method of claim 22, wherein the heaters are controlled to heat the
structure to implement heated testing on the DUT and, following heated testing, the
heaters are turned-off and the liquid coolant is controlled to flow through the structure to

cool the structure down to a handling temperature.

28. The method of claim 22, wherein the DUT is in an enclosure that is thermally
insulated from, and hermetically sealed from, other enclosures containing other DUTSs;
and

wherein the method further comprises:

10 controlling a dew point temperature in a micro-environment within the

enclosure; and

controlling a temperature of the plate so that the temperature of the plate

remains above the dew point temperature in the micro-environment.
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