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A Low-Cost, Automated Wafer
Loading System With Submicron
Alignment Accuracy for
Nanomanufacturing and
Nanometrology Applications
This paper introduces a low-cost, automated wafer alignment system capable of submi-
cron wafer positioning repeatability. Accurate wafer alignment is critical in a number of
nanomanufacturing and nanometrology applications where it is necessary to be able to
overlay patterns between fabrication steps or measure the same spot on a wafer over and
over again throughout the manufacturing process. The system presented in this paper
was designed to support high-throughput nanoscale metrology where the goal is to be
able to rapidly and consistently measure the same features on all the wafers in a wafer
carrier without the need for slow and expensive vision-based alignment systems to find
and measure the desired features. The wafer alignment system demonstrated in this paper
consists of a three-pin passive wafer alignment stage, a voice coil actuated nesting force
applicator, a three degrees-of-freedom (DOFs) wafer handling robot, and a wafer cas-
sette. In this system, the wafer handling robot takes a wafer from the wafer cassette and
loads it on to the wafer alignment stage. The voice coil actuator is then used to load the
wafer against the three pins in the wafer alignment system and align the wafer to an
atomic force microscope (AFM)-based metrology system. This simple system is able to
achieve a throughput of 60 wafers/h with a positional alignment repeatability of 283 nm
in the x-direction, 530 nm in the y-direction, and 398 nm in the z-direction for a total
capital cost of less than $1800. [DOI: 10.1115/1.4034610]

1 Introduction

In a typical semiconductor manufacturing setting, wafers are
transported in cassettes by guided vehicles and loaded into or
unloaded from machines by wafer handling robots [1]. The critical
dimension of features patterned in modern semiconductor
manufacturing processes continues to decrease without a signifi-
cant impact on manufacturing throughput. As a result, a gap is
emerging in the field of semiconductor metrology where
few technologies are capable of in-line metrology. Recent advan-
ces in microelectromechanical systems (MEMS) fabrication have
enabled the realization of an entire AFM on a single MEMS chip.
This MEMS-based AFM is capable of high-speed scanning of
nanoscale features over micron scale areas and is small enough
that it can be incorporated into manufacturing tools for in situ
nanoscale measurements or into metrology platforms with multi-
ple scanning probes operating on a wafer at the same time [2].
These low-cost devices dramatically reduce setup time required
for AFM metrology due to the fact that they do not require the
focusing of a laser on an AFM cantilever tip as is common with
traditional AFM systems and do not require the inspection wafer
to be loaded into a large AFM system where it is necessary to
search for the spot on the wafer the user wants to inspect before a
measurement can be made. Improvements in the scanning area
and throughput are made possible by the MEMS-based AFMs
through the incorporation of multiple AFM chips on a platform as
described in Ref. [3]. The system described in this paper aims to
further reduce the setup time of AFM-based metrology by ena-
bling the repeatable alignment of wafers into a low cost, AFM-

based metrology system in order to realize the ultimate goal of
high-throughput AFM-based nanoscale metrology of semiconduc-
tor wafers.

This type of metrology system would enable in-line metrology
of silicon wafers after a lithography or etching step in the semi-
conductor manufacturing process. Currently, it is not possible to
measure nanoscale features in-line with the semiconductor manu-
facturing process since most nanoscale metrology methods are
too slow for in-line process measurements [4]. Therefore, in
semiconductor manufacturing processes, a few wafers are taken
off the manufacturing line each hour and inspected using time-
intensive methods such as scanning electron microscopy. This
means that many defective wafers can travel through the manu-
facturing process before an error is detected. In-line metrology
enabled by the precision alignment methods described in this
paper will help to detect these errors much quicker in the manu-
facturing process and reduce the scrap rate in semiconductor
manufacturing.

2 Background

Transport of wafers between semiconductor manufacturing
equipment is typically accomplished by wafer handling robots.
Typical wafer handling robots are based on the selective compli-
ance arm for robot assembly (SCARA) robot platform [5].
SCARA wafer handling robots commonly operate in a horizontal
work plane with 1DOF in the vertical direction and 3DOF in the
horizontal plane [5]. These wafer handling robots are typically
capable of throughputs of up to 350 wafers/h and positioning
repeatability on the order of 100 lm [6,7].

Coarse optical alignment of wafers is often achieved by rotating
the wafer and using an optical sensor to determine the location of
the wafer flat [8]. Wafers can be precisely aligned with respect to
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a metrology tool either by active or passive means. Active wafer
alignment is typically achieved by optical means. The most com-
mon method of optical wafer alignment involves patterning align-
ment marks onto a wafer substrate [8]. These alignment marks are
viewed under a microscope containing a matching mark. Align-
ment is achieved when the two marks are in line with each other.
Submicron repeatability has been demonstrated using this method
[9,10]. Manual wafer registration via optical alignment is a time-
intensive process that is not practical for in-line metrology appli-
cations. Automated optical alignment systems that use robotic
arms and vision systems to achieve submicron wafer alignment
have been demonstrated, but it is very expensive to implement
these alignment systems in metrology systems that do not already
have imaging optics and closed-loop controls for wafer place-
ment. Such robotic, vision-based wafer alignment systems can
cost upward of $100,000. More advanced optical alignment sys-
tems also exist that rely on interference patterns from moir�e marks
and are capable of sub-20 nm wafer alignment [11]. However,
these systems are typically only implemented in multimillion dol-
lar nanomanufacturing tools that require extremely good wafer
alignment repeatability since their cost and resolution are much
greater than required for a general purpose semiconductor metrol-
ogy platform.

Passive wafer alignment is a desirable alternative to active opti-
cal alignment in metrology systems requiring high throughput,
repeatability better than 1 lm, and low cost of integration since
passive alignment systems are capable of submicron repeatabil-
ities but do not require the expensive vision and control systems
commonly found in active alignment systems. For example, Slo-
cum and Weber demonstrated the ability to achieve submicron
repeatability in wafer alignment [12] through the fabrication of
microstructures on wafers that take advantage of the principle of
elastic averaging [13]. However, in many cases, it is expensive
and undesirable to add any features to a wafer for the purposes of
metrology. Passive alignment based on pin constraints is a low-
cost wafer alignment method that, through proper design and
implementation, is capable of achieving micron scale alignment
repeatabilities [14]. In this mode of wafer alignment, wafers are
exactly constrained [15] by three pins in the XY plane, as shown
in Fig. 1. Two of the pins are on the flat of the wafer and a third
pin is strategically located on the diameter. A preload force main-
tains contact between the wafer and the pins and allows the wafer
to self-align with the stage. Passive alignment has shown promis-
ing results for repeatability on the order of 2 lm [14]. However,
such passive alignment systems are commonly manually loaded,
which results in low throughput and alignment repeatability that is

dependent on the human user. The system described in this paper
aims to improve both the repeatability and the throughput of pas-
sive wafer alignment systems in order to support true in-line wafer
metrology for nanomanufacturing applications. The overall goal
of this work is to demonstrate that through the use of passive
alignment systems in combination with a low-cost wafer handling
system, wafer alignment repeatabilities can be achieved that are
competitive with state-of-the-art robotic wafer handling arms at a
fraction of the cost.

3 Design

3.1 Theory of Operation. The automated wafer handling
system consists of a number of components including a passive
wafer alignment stage, a wafer handling robot, and a standard
wafer cassette. In this system, the wafer handling robot is used to
pick up a wafer from the wafer cassette and place it onto the align-
ment platform. The wafer handling robot utilizes a vacuum chuck
to systematically grip or release wafers from the bottom surface in
order to prevent damage to the patterned top surface. On the wafer
alignment platform, three pins are used to align the wafer on the
inspection stage. Two of the pins are loaded against the flat on the
wafer and one pin is placed at the optimal location to maximize
the nesting force on the wafer [14]. A voice coil-driven flexure
mechanism is then automatically engaged and used to push the
wafer up against the three alignment pins in the system. Once the
wafer has been loaded into the system, the metrology frame or
AFM system can then be placed onto the inspection stage using a
set of kinematic couplings in order to take a measurement of the
wafer alignment accuracy or to measure features on the surface of
the wafer. These kinematic couplings were measured to have a
repeatability of 390 nm, 361 nm, and 60.0 nm in the X, Y, and Z
directions, respectively [3]. Once the measurement on the wafer
has been completed, the metrology frame/AFM system can be
removed from the system and the wafer handling robot can be
used to remove the wafer from the system and return it to the
wafer cassette. The wafer handling robot can then be used to pick
up the next wafer from the wafer cassette and the process can be
repeated until all 25 wafers in the cassette have been measured.
The wafer alignment system and wafer handling robot system are
controlled by an operator via a LABVIEW-based program and a
National Instruments MyRIO that allows wafers to be loaded or
unloaded from a passive alignment mechanism into one of the
slots in the wafer cassette. The loading program utilizes preconfig-
ured “recipes” to load and unload wafers based on the initial posi-
tion of the wafers within the wafer carrier and the relative
locations of the wafer carrier and the alignment/metrology stage.
A diagram of the major system components is shown below in
Figs. 2 and 3 shows the flow chart of loading/unloading proce-
dures in operation.

Fig. 1 Arrangement of three constrain pins in passive wafer
alignment system Fig. 2 Wafer alignment system
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3.2 Wafer Handling Robot. The automated wafer handling
system operates in a cylindrical workspace with one rotational
axis and two translational axes. The cylindrical coordinate system
was chosen to minimize the footprint of the wafer handling robot
as well as the number of actuated DOFs. The serial configuration
of the axes requires that the axis connected to the ground have rel-
atively low errors since any errors in this axis will propagate to
the other axes. In order to meet this requirement, a rotational stage
driven by a stepper motor was chosen for the axes connected to
ground. The rotational stage is connected to the stepper motor
using a timing belt with a 4:1 reduction ratio. A low-cost “lazy-
Susan” turntable was utilized as a bearing to handle both the radial
loads of the tensioned timing belt and the axial load exerted by
the base plate and linear axes. The turntable consists of an inner
and outer raceway with spherical steel balls separating the two
cast aluminum raceways. The balls in the turntable provide low
resistance to rotation of the stage and the turntable is rated to sup-
port substantial axial loads. The repeatability of the turntable was
tested under load conditions to verify that its error motion was
sufficiently low to meet the repeatability requirements of the sys-
tem. This design for the rotational axis helps to reduce manufac-
turing cost while still maintaining the required level of precision.
A computer-aided design (CAD) model of the rotary axis is shown
in Fig. 4.

The two translational axes are stacked in series on top of the
rotary platform fixed to the outer raceway of the turntable bearing.
One axis translates radially with respect to the rotating axis and
the other axis (stacked on top of the radial axis) translates in an

axial direction with respect to the rotating axis. Each translational
axis consists of a carriage with four wheels sliding on an extruded
aluminum rail. Eccentric nuts on two of the wheels are used to
apply a preload to the wheels and increase the out-of-plane
stiffness of the linear axes. The carriages on each linear axis are
connected to lead screws by antibacklash nuts that minimize the
hysteresis in the lead screw motion. A CAD rendering of the
entire system is shown in Fig. 5.

Stepper motors were selected to drive all of the axes because
they allow for precise motion control in an open loop control con-
figuration. In order to determine the size of stepper motor
required, torque and speed requirements were calculated for each
axis. Speed requirements were based on the assumption that every
axis is allocated 5 s of travel time in order to meet the desired
wafer throughput target of 60 wafers/h. Trapezoidal velocity pro-
files were constructed such that 20% of travel time was allocated
to acceleration, 60% was allocated to constant velocity travel, and
20% of travel time was allocated to deceleration.

The rotary axis torque requirements were driven by the torque
required to overcome friction and the torque required to accelerate
the turntable. A conservative estimate of 10 kg was made for rotat-
ing mass, and the radius of the rotating element was estimated to
be 105 mm corresponding to the radius of the turntable. The coef-
ficient of friction of the turntable bearing was estimated to be
0.0015, which is a typical value for ball bearings [16]. Rotational
inertia was then calculated using Eq. (1), where m and r are the
mass and radius of the stage

Fig. 3 Flowchart of loading operation: (a) wafer in cassette, (b) handling system grabs wafer,
(c) wafer transportation, (d) wafer release and flexure preload to put into alignment mecha-
nism, and unloading operation (e) flexure release, (f) handling system grabs wafer, (g) wafer
transportation, and (h) back to cassette

Fig. 4 Rotary axis exploded view Fig. 5 CAD rendering of wafer handling robot
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J ¼ 1

2
mr2 (1)

Using this equation, the rotational inertia of the stage was calcu-
lated to be 0.116 kg/m2. The mass on the turntable bearings was
assumed to be a uniform cylinder, as shown in the free-body dia-
gram in Fig. 6. Torque required to accelerate the turntable, sa, was
calculated as the rotational moment of inertia of the turntable
multiplied by the angular acceleration as shown in Eq. (2), where
a is the angular acceleration

sa ¼ Ja (2)

The trapezoidal velocity profile was used to determine the max-
imum rotational velocity and acceleration values. For this velocity
profile, the travel distance is given by Eq. (3) where the maximum
rotational velocity is xmax, the acceleration time is ta, and the total
time is tf

h ¼ ðtf � taÞxmax (3)

Solving for xmax given that h¼ p radians for the velocity pro-
file selected yields a maximum rotational velocity of p/4 rad/s.
Achieving this angular velocity in 1 s requires an acceleration of
p/4 rad/s2. Thus, the torque requirement for the rotary axis accel-
eration is 0.091 N�m. Friction to overcome torque is found from
Eq. (4), where l is the coefficient of friction and g is gravity

sf ¼ l � m � g � r (4)

For the turntable bearing radius of 150 mm, the estimated fric-
tion torque is 0.022 N�m. In order to better match the torque and
speed requirements to that of commonly available stepper motors,
a 4:1 pulley radius ratio was selected with the smaller pulley
attached to the stepper motor. This reduces torque requirement
for the stepper motor to 0.028 N�m or 25% of the torque required
to turn the turntable. Similarly, this pulley ratio increases the
speed requirement of the stepper motor to 400% of the turntable
requirement or 3.14 rad/s.

Typical stepper motors are capable of 200 steps per revolution
or 1.8 deg/step. Therefore, an angular velocity of 3.14 rad/s corre-
sponds with a frequency of 100 Hz for full stepping and 200 Hz
for half stepping. A design safety factor of four was applied to the
torque requirement in order to yield a design torque of 0.112 N�m
or approximately 16 oz-in at a frequency of 200 Hz.

Calculations for each of the translational axes were made in a
similar fashion. Force requirements for friction and acceleration
were determined and converted to leadscrew torque. Maximum
acceleration required to translate 200 mm in 5 s with a trapezoidal
profile yielded an acceleration requirement of 0.05 m/s2. Multiply-
ing by a conservative moving mass estimate of 10 kg results in a
total thrust force requirement of 0.5 N. The friction coefficient for
wheels on rails was estimated to be 0.01 [13] and the total friction

force was estimated to be 0.98 N. The equation for converting
lead screw force to torque is shown in Eq. (5) with acceleration
force, F, coefficient of friction between nut and screw, l, pitch
diameter, dp, lead distance, L, and thread angle, a [16]

T ¼ Fdp lpdp þ L cos að Þ
2 pdp cos aþ lLð Þ

(5)

The leadscrew selected for the first iteration of analysis was
8 mm in diameter with a pitch of 2 mm and a lead of 8 mm. The
thread angle for acme threads is 14.5 deg [16] and a conservative
friction coefficient of 0.1 was estimated for the friction between
the screw and the plastic nut. The resulting torque requirement
was estimated to be 5.3 N�mm or 0.72 oz-in. The stepping speed
requirement was determined by converting the required velocity
of 0.05 m/s to an angular velocity using the lead of the leadscrew.
The required angular velocity is then 6.25 revolutions per second
or 1250 Hz for a standard half-stepping stepper motor. With
microstepping, it was found that a maximum of 800 steps per
revolution was technically achievable, which would result in
translational positioning resolution on the order of 10 lm.

4 Error Budget

The data characterizing performance of critical machine
elements used in the wafer loading mechanism such as bearings
and linear motion stages is difficult to estimate from theory.
Therefore, the repeatability of each axis was measured independ-
ently and utilized to estimate an error budget for the repeatability
of the entire system. A capacitance probe fixture, shown in Fig. 7,
was utilized to characterize the repeatability of both of the axes.

Coordinate frames were constructed for each moving axis as
shown in Fig. 8 and homogeneous transformation matrices (HTM)
were used to translate the tool tip (vacuum wand) from the starting
position in the wafer cassette to a finishing position at the wafer
loading stage. Starting with the tool tip coordinate system, transla-
tional transformations take the form shown in Eq. (6) [13] with
rotational errors represented by the epsilon terms and the subscript
of each term indicating the axis about which the rotation occurs

RTN ¼

1 �ez ey aþ dx

ez 1 �ex bþ dy

�ey ex 1 cþ dz

0 0 0 1

2
664

3
775 (6)

Large translations are represented by a, b, and c terms and
translational error motions are represented by the delta terms with
the subscript indicating the direction of the error motion. The
transformation matrix for a rotary axis takes the form shown in
the below equation [13]

RTN ¼

cos hz �sin hz ey dx

sin hz cos hz �ex dy

ex sin hz � ey cos hz ex cos hz þ ey sin hz 1 dz

0 0 0 1

2
664

3
775

(7)

The 1�r repeatability values for each actuated axis were used
as error terms. After determining the transformation from the tool
tip to the reference coordinate frame, the transformation from the
work surface (wafer) to the reference frame was calculated. The
relative error in the reference coordinate system was calculated by
taking the cross product of the inverse of the tool-tip HTM and
the workpiece HTM [13]. The calculated position error from
this error budget is shown in Table 1 and compared to the actual
measured results.

Table 1 shows the comparison of combined random error
between predicted and measured values. Overall, the calculated
error budget produces result that overestimate the error in theFig. 6 Free-body diagram for turntable calculations
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system compared to the measured combined repeatability error of
the wafer handling system. This is most likely due to the fact that
very conservative estimates were made about the error sources
in both the controls and the mechanical components of the
system. The model is most sensitive to rotational errors about the
x- and y-axes of both the rotating platform and the translating
x-axis. Future system improvements will focus on improving rota-
tional repeatability in these sensitive axes that are identified by
this model of the system.

5 Results

Testing of the wafer loading mechanism was performed to
determine the overall repeatability of the system. A capacitance
probe fixture was designed to couple with the alignment stage
via kinematic couplings (Fig. 9). The probe fixture was used to
record displacements of the probes relative to a conductive ele-
ment bonded to the top surface of a wafer. Initial setup of the
testing procedure required that the wafer be manually placed in
the alignment stage. For each subsequent test, the wafer loading
robot was commanded to unload the wafer from the alignment
stage, place the wafer into a slot in the wafer cassette, remove
the wafer from the cassette, and finally place the wafer back into
the wafer alignment stage. The capacitance probe metrology
frame was then coupled to the alignment stage using the kine-
matic coupling mounts to measure displacement relative to the
first trial. The results from the repeatability tests were character-
ized by a nonuniform distribution with approximately 90% of the
trials indicating submicron repeatability and 10% of trials visibly
misaligned with the pins on the alignment stage. Figure 10 shows

Fig. 7 (Left) Measurement spots (1–6) for capacitance probes on reference block showing
coordinate axis of the measurements and (right) schematic of capacitance probe setup rela-
tive to the measurement block and the wafer that is loaded into the system

Fig. 8 Error budget coordinate frames

Table 1 Combined random error predicted versus measured

Translation (lm) Rotation (mrad)

X Y Z hx hy hz

Predicted 107.0 35.0 85.0 0.347 1.10 0.346
Actual 9.8 5.2 5.4 0.139 0.469 0.518
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the loading of 25 wafers from a standard wafer carrier. Outliers
are represented by red X marks and are indicative of trials with
wafer placement error that is outside the 99% confidence error of
the trials. These outliers are caused by the wafer not becoming
fully engaged with the three-pin passive alignment system. This
can happen when the wafer is loaded at an angle causing one of
the two pins that create the constraint in the y direction to not
come in contact with the wafer flat. If the actuator force is not
enough to overcome friction, or if the wafer is too far away from
the three pins, the wafer alignment system will not properly align
the wafers. However, these errors generally self-correct as evi-
denced in Fig. 8 as reloading the wafer again. The loading error
returns to its nominal level without making any changes to the
system. This suggests that relatively minor random errors in the
loading system can create significant wafer alignment errors if
these random errors cause the initial wafer loading position to be
outside the capture area of the wafer three-pin alignment system.
Therefore, in the wafer testing procedure, if one wafer loading is
found to be outside the capture area of the three-pin alignment
system, the loading of that wafer is repeated in order to eliminate
outliers from the loading of the complete 25 wafer set. Overall,
about 10% of the wafer loadings resulted in these types of align-
ment outliers.

In order to detect these outliers, a low-cost, knife-edge sensor
can be implemented to detect large wafer misalignments and to
determine if the wafer needs to be reloaded into the system. As
such, outlier error values greater than the expected misalignment
detection resolution of 10 lm were omitted from the repeatability
results shown in Fig. 11. These figures indicate that the wafer

loading system is capable of submicron repeatability over 25
wafers or roughly the number of wafers that would be loaded into
a cassette. Overall, there is some drift in the wafer loading over
time with the final center position of the last wafer loaded into the
system being about 1.8 lm off from the initial position of the first
wafer. Less drift is observed in the rotational error but trials
11–18 show significantly more rotational error around the z-axis
than the other trials. This could have been caused by a particle
sticking to one of the pins on the wafer stage on the 11th trial and
falling off by the 18th trial. The total in-plane (lateral) translational
error measured as the standard deviation from average center point
of the wafer over the 25 trials after the outlier points were removed
was measured to be 634 nm. The total in-plane (hz) rotational error
of the wafer loading was measured to be 22.8 lrad.

Table 2 shows the standard deviation of wafer placement errors
over 25 wafers. These total error measurements, however, overes-
timate the error in the wafer loading because the metrology frame
is not fixed. Between each wafer loading operation, the metrology
frame holding the capacitance probes is removed from the system
and placed back into the system using a set of kinematic cou-
plings. Therefore, since the kinematic couplings are not perfectly
repeatable, the measured error is a combination of the wafer load-
ing error and the error in the kinematic couplings. Assuming that
errors in the wafer loading and the kinematic coupling are random
and uncorrelated, we can estimate the error in just the loading of
the wafer without the stacked error of the measurement system
due to the uncertainty in the kinematic coupling using Eq. (8)
where rWafer is the standard deviation of the wafer position,
rMeasured is the actual measured standard deviation of the

Fig. 9 (Left) Kinematic coupling consists of a Vee-block and truncated ball ensuring position repeatability between capaci-
tance probe fixture and alignment mechanism (right) capacitance probe fixture in use

Fig. 10 (Left) Translational and (right) rotational error distribution with outliers
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wafer using the metrology frame, and rKC is the uncertainty in the
kinematic coupling position

r2
Wafer ¼ r2

Measured � r2
KC (8)

Using this correction, the estimated wafer alignment error is
reduced to 283 nm in the x-direction, 530 nm in the y-direction,
and 398 nm in the z-direction. The estimated rotational error does
not change significantly since the rotational errors in the kine-
matic coupling are much lower than in the wafer loading system.
Overall, these wafer loading repeatability values are a significant
improvement compared to repeatability results from the manually
loaded wafer alignment mechanism discussed in previous works
[3,14] and the repeatability of the automated wafer loading system
using passive alignment pins is adequate for many micro- and
nano-manufacturing and metrology applications.

6 Discussion of Possible Improvements to the System

The low-cost automated wafer loading mechanism demon-
strated submicron wafer positioning repeatability with throughput
of approximately 60 wafers/h. A small percentage of loading trials
(<10%) resulted in visibly misaligned wafers. These errors
occurred when the side of the wafer made contact with the edge of
the wafer cassette and the frequency of occurrence could be
reduced by improving the fixturing and alignment of the wafer
cassette relative to the robotic wafer handling platform. It is possi-
ble to detect these errors using a low-cost knife-edge sensing

system (approximate cost of less than $200) and to correct for the
errors by reloading the wafer. A diagram of the knife-edge sensing
system is shown below in Fig. 12. The sensor consists of a laser
diode positioned such that its beam is orthogonal to the top sur-
face of a properly aligned wafer and approximately 50% of the
beam is incident to the surface of the wafer. A photodetector
aligned with the beam and fixed to the alignment stage below the
wafer is used to measure positioning error as a function of
intensity.

The current system wafer loading throughput is approximately
60 wafers/h. Throughput is limited by the control scheme, which
uses a timer to wait a constant number of seconds between
commands sent to the actuators. Eliminating the wait between
commands could potentially increase throughput to approximately
120 wafers/h without significantly affecting the positioning
repeatability. The wafer loading system currently runs in open-
loop, which dictates the use of relatively slow travel rates in order
to reduce positioning errors caused by system dynamics. There-
fore, there is also potential to increase the rate of travel of each of
the axes through the use of integrated sensing and closed-loop
control in the current system. This would help to reduce the
impact of system dynamics and allow the system to achieve faster
response times. It is expected that with optimization of this con-
trols system, load/unload times of less than 10 s could easily be
achieved while still maintaining the submicron wafer alignment
accuracy created by the passive alignment system. Therefore,
through the use of improved system controls and optimization, it
should be possible to achieve wafer throughputs of more than
300 wafers/h using this type of low-cost wafer alignment system.

7 Conclusions

This paper demonstrates how the use of a passive wafer align-
ment system in combination with a low-cost wafer handling robot
can be used to achieve submicron wafer loading repeatability.
This system was able to achieve a throughput of �60 wafers/h
with a wafer alignment loading repeatability of 283 nm in the
x-direction, 530 nm in the y-direction, and 398 nm in the
z-direction and an error rate of less than 10% at a cost of less than
$1800 for the entire system. Further improvements could be made
to the system by implementing a knife-edge sensor to detect load-
ing outliers and through the use of a closed-loop controls system

Table 2 Standard deviation of wafer placement errors over 25 wafers

Error X (lm) Y (lm) Z (lm) hx (lrad) hy (lrad) hz (lrad)

Total measured wafer loading system errors with outliers 2.085 3.54 7.464 84.9 99.4 24.0
Total measured wafer loading system errors without outliers 0.482 0.641 0.403 9.1 5.5 22.8
Measured kinematic coupling error 0.390 0.361 0.060 NA NA 0.140
Estimated wafer only alignment error 0.283 0.530 0.398 9.1 5.5 22.8

Fig. 12 Low-cost misalignment detector

Fig. 11 (Left) Translational error versus (right) rotational error trial with outliers eliminated
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to improve wafer throughput. Overall, this low-cost, high accu-
racy wafer loading system is important for a number of nanoma-
nufacturing and nanometrology applications where submicron
alignment is necessary but market requirements prevent the use of
an expensive wafer handling system. Therefore, the low-cost,
high accuracy, high-throughput wafer alignment system presented
in this paper could help to allow nanometrology platforms to be
directly integrated into low-cost nanomanufacturing lines.
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