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METHOD AND APPARATUS FOR NON-CONTACT MEASUREMENT OF SHEET
RESISTANCE AND SHUNT RESISTANCE OF P-N JUNCTIONS

TECHNICAL FIELD

[poo1] The present invention generally relates to non-contact measurement of

various electrical characteristics of p-n junctions of a semiconductor substrate, and,
in particular, a non-contact junction photovoliage technique for measuring electrical

characteristics of p-n junctions of a semiconductor substrate.

BACKGROUND

[0002] As the demand for improved semiconductor device performance continues
to increase, so too does the need for improved semiconductor device
characterization techniques. Semiconductor wafers, such as silicon wafers, play an
important role in the fabrication of device structures. Improved monitoring of device
characteristics is critical in the development of advanced semiconductor device
fabrication techniques. Monitoring of characteristics includes monitoring of implant
and anneal processes, monitoring of emitter sheet resistance, monitoring of shunt
resistance or leakage current in Si solar cell, CCD/CMOS imagers, epitaxial layers
for LED applications and implant monitoring. Of particular importance in the
monitoring of device structures is the monitoring of sheet resistance and shunt
resistance, conductance or leakage current in p-n junctions layers. Prior art
approaches to p-n junction monitoring suffers from a number of drawbacks. Prior
approaches utilized overly simplified models and often require additional
measurement information (e.g., capacitance) to arrive at sheet resistance values. A
primary disadvantage in previous approaches is that many prior techniques are

based on the assumption that a top p-n junction layer sheet resistance is significantly
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higher than the sheet resistance of the corresponding substrate. In many settings,
this assumption is not valid, leading to significant measurement error. An additional
‘drawback of the prior art is that that surface photovoltage (SPV) at the back side of a
given wafer typically contributes to the measured JPV signal from the front side of
the wafer, thereby resulting in systematic error. It is evident that the prior art
includes a number of deficiencies. Therefore, it would be desirable to provide a
method and system that cure these deficiencies of the prior art identified above.

SUMMARY

[0003] A method for contactless measurement of one or more characteristics of one
or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating
an illumination area of a surface of a p-n junction of a semiconductor substrate with
at least one of intensity modulated light or pulsed light. In one illustrative
embodiment, the method includes measuring a first junction photovoitage signal from
a first area of the surface of the p-n junction with a first electrode, the first electrode
proximate to the surface of the p-n junction, the first area within the illumination area
or laterally proximate to the illumination area. In one illustrative embodiment, the
method includes measuring a second junction photovoltage signal from a second
area of the surface with a second electrode, the second electrode proximate to the
surface of the p-n junction, the second area laterally proximate to the illumination
area. In one illustrative embodiment, the method includes measuring a third junction
photovoltage signal from a third area of the surface of the p-n junction with a
reference electrode, the reference electrode proximate to the surface of the p-n
junction, the third area outside of the illumination area. In one illusirative
embodiment, the method includes determining at least one of a corrected first
junction photovoltage signal or a corrected second junction photovoltage signal with
at least one of the measured first junction photovoltage signal, the measured second
junction photovoltage signal or the measured third junction photovoltage signal from
the reference electrode. In one illustrative embodiment, the method includes
acquiring at least one of a first calibration junction photovoitage signal for the first

electrode from a calibration p-n junction, a second calibration junction photovoltage
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signal for the second electrode from the calibration p-n junction or a third calibration
junction photovoltage signal for the reference elecirode from the calibration p-n
junction, the calibration p-n junction having a known sheet resistance. In one
ilustrative embodiment, the method includes determining at least one of a corrected
first calibration junction photovoltage signal or a corrected second calibration junction
photovoltage signal with at least one of the acquired first calibration junction
photovoltage signal, the acquired second calibration junction photovoltage signal or
the acquired third calibration junction photovoltage signal from the reference
electrode. In one illustrative embodiment, the method includes determining a sheet
resistance of the p-n junction top layer with at least one of the corrected first junction
photovoltage signal, the corrected second junction photovoltage signal, the corrected
first calibration junction photovoltage signal, the corrected second calibration junction
photovoltage signal or the known sheet resistance of the calibration p-n junction.

[0004] A method for contactless measurement of one or more characteristics of one
or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating
an illumination area of a first surface of a p-n junction of a semiconductor substrate
with at least one of intensity modulated light or pulsed light. In one illustrative
embodiment, the method includes measuring a first junction photovoltage signal from
a first area of the first surface of the p-n junction with a first transparent electrode
positioned proximate to the first surface of the p-n junction. In one illustrative
embodiment, the method includes measuring an additional junction photovoltage
signal from an additional area of a second surface of the p-n junction with a
reference electrode positioned proximate to the second surface of the p-n junction. In
one illusirative embodiment, the method includes measuring a first junction
photovoltage calibration signal corresponding with at least one of the first transparent
electrode. In one illustrative embodiment, the method includes measuring an
additional junction photovoltage calibration signal corresponding with the reference
electrode. In one illustrative embodiment, the method includes determining a sheet
resistance of the top layer of the p-n junction with at least one of the first junction
photovoltage signal, the additional junction photovoltage signal, the first junction
photovoltage calibration signal, the additional junction photovoltage signal, the sheet
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resistance of a substrate of the p-n junction or an effective sheet resistance of the p-
n junction.

[0005] A method for contactless measurement of one or more characteristics of one
or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating a
rectangle-shaped illumination area of a surface of a p-n junction with intensity
modulated light at a modulation frequency. In one illustrative embodiment, the
method includes measuring a first junction photovoltage signal from a rectangle-
shaped first area of the surface of the p-n junction within the rectangle-shaped
illumination area with a first transparent electrode. In one illustrative embodiment, the
method includes measuring a second junction photovoltage signal from a rectangle-
shaped second area of the surface of the p-n junction with a second electrode, the
second area outside of the illumination area and laterally proximate to the
illumination area. In one illustrative embodiment, the method includes adjusting the
modulation frequency of the intensity modulated light to attain an attenuation of the
second junction photovoltage signal at or above a selected attenuation level. In one
illustrative embodiment, the method includes determining a sheet resistance of a top
layer of the p-n junction with at least one of the measured first junction photovoltage
signal, the measured second junciion photovoltage signal, a capacitance of the p-n
junction or a distance of the rectangle illumination area from an edge of a
semiconductor substrate.

[00o6] A method for contactless measurement of one or more. characteristics of one
or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating
one or more illumination areas of a first surface of a p-n junction of a semiconductor
substrate with intensity modulated light at a modulation frequency. In one illustrative
embodiment, the method includes forming one or more shadowed areas within the
one or more illumination areas of the first surface of the p-n junction. In one
illustrative embodiment, the method includes measuring a first junction photovoltage
signal from at least one of a first area or an additional area of the first surface of the
p-n junction corresponding with the illumination area with at least one of a first
transparent electrode or an additional transparent electrode. In one illustrative
4
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embodiment, the method includes measuring a second junction photovoitage signal
from a second area of the first surface of the p-n junction corresponding with the
shadowed area of the first surface of the p-n junction with a second opaque
electrode, the second opaque electrode surrounded by at least one of the first
transparent electrode or the additional transparent elecirode. In one illustrative
embodiment, the method includes determining at least one of a sheet resistance of a
top layer of the p-n junction or a shunt resistance of the p-n junction with at least one
of the measured first junction photovoltage signal, the measured second junction
photovoltage signal or a depletion width of the p-n junction.

[0007] A method for contactless measurement of one or more characteristics of one
or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating
one or more illumination areas of a surface of a first surface of a p-n junction of a
semiconductor substrate with intensity modulated light at a first modulation
frequency. In one illustrative embodiment, the method includes forming one or more
shadowed areas within the one or more itlumination areas of the first surface of the
p-n junction. In one illustrative embodiment, the method includes measuring, at the
first modulation frequency, a first junction photovoltage signal from one or more first
areas within the one or more illumination areas of the first surface of the p-n junction
with one or more transparent electrodes. In one illustrative embodiment, the method
includes measuring, at the first modulation frequency, a second junction
photovoltage signal from one or more second areas within the one or more
shadowed areas within the one or more illumination areas of the p-n junction with
one or more opaque electrodes. In one illustrative embodiment, the method includes
measuring, at the first modulation frequency, a third junction photovoltage signal
from one or more third areas of the first surface of the p-n junction outside of the one
or more illumination areas of the first surface of the p-n junction with one or more
third electrodes. In one illustrative embodiment, the method includes illuminating the
one or more illumination areas of a surface of the first surface of the p-n junction with
infensity modulated light at a second modulation frequency. In one illustrative
embodiment, the method includes measuring, at the second modulation frequency,
an additional first junction photovoltage signal from the one or more first areas within
the one or more illumination areas of the first surface of the p-n junction with the one
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or more transparent electrodes. In one illustrative embodiment, the method includes
measuring, at the second modulation frequency,'an additional second junction
photovoltage signal from the one or more second areas within the one or more
shadowed areas within the one or more illumination areas of the p-n junction with
one or more opaque electrodes. In one illustrative embodiment, the method includes
measuring, at the second modulation frequency, an additional third junction
photovoltage signal from the one or more third areas of the first surface of the p-n
junction outside of the one or more illumination areas of the first surface of the p-n
junction with the one or more third electrodes. In one illustrative embodiment, the
method includes determining a sheet resistance of a top layer of the p-n junction with
at least one of the measured first junction photovoltage signal, the measured second
junction photovoltage signal, the measured third junction photovoltage signal, the
measured additional first junction photovoltage signal, the measured additional
second junction photovoltage signal, the measured additional third junction
photovoltage signal, an acquired conductance of the p-n junction or an acquired
capacitance of the p-n junction.

[0008] A method for contactless measurement of one or more characteristics of one
or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating
one or more illumination areas of a first surface of a p-n junction of a semiconductor
substrate with intensity modulated light at a modulation frequency. In one illustrative
embodiment, the method includes forming one or more shadowed areas within the
one or more illumination areas of the first surface of the p-n junction. In one
ilustrative embodiment, the method includes measuring, at the modulation
frequency, a first junction photovoltage signal from one or more first areas within the
one or more illumination areas of the first surface of the p-n junction with one or
more transparent electrodes. In one illustrative embodiment, the method includes
measuring, at the modulation frequency, a second junction photovoliage signal from
one or more second areas within the one or more shadowed areas within the one or
more illumination areas of the p-n junction with one or more opaque electrodes. In
one illustrative embodiment, the method includes measuring, at the modulation
frequency, a third junction photovoltage signal from one or more third areas of the
first surface of the p-n junction outside of the one or more illumination areas of the
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first surface of the p-n junction with one or more third electrodes. In one illustrative
embodiment, the method includes illuminating the one or more illumination areas of
the first surface of the p-n junction with pulsed light of a selected pulse intensity and
a selected pulse duration. In one illustrative embodiment, the method includes
measuring a decay curve of a sum of at least two of an additional pulse-induced first
junction photovoltage signal from the one or more first areas within the one or more
ilumination areas, an additional pulse-induced second junction photovoltage signal
from the one or more second areas within the one or more shadowed areas or an
additional pulse-induced third junction photovoltage signal irom the one or more third
areas outside of the one or more illumination areas. In one illustrative embodiment,
the method includes determining a p-n junction conductance based on the measured
decay curve. In one illustrative embodiment, the method includes determining a
sheet resistance of a top layer of the p-n junction with at least one of the measured
first junction photovoltage signal, the measured second junction photovoltage signal,
the measured third junction photovoliage signal, the additional pulse-induced first
junction photovoltage, the additional puise-induced second junction photovoltage,
the additional pulse-induced third junction photovoltage, the determined p-n junction
conductance or an acquired capacitance of the p-n junction.

[0009] A method for contactless measurement of one or more characteristics of one
or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating
one or more illumination areas of a first surface of a p-n junction of a semiconductor
substrate with intensity modulated light at a first modulation frequency. In one
illustrative embodiment, the method includes forming one or more shadowed areas
within the one or more illumination areas of the first surface of the p-n junction. In
one illustrative embodiment, the method includes measuring, at the first modulation
frequency, a first junction photovoltage signal from one or more first areas within the
one or more illumination areas of the first surface of the p-n junction with one or
more transparent electrodes. In one illustrative embodiment, the method includes
measuring, at the first modulation frequency, a second junction photovoltage signal
from one or more second areas of the first surface of the p-n junction outside of the
one or more illumination areas of the first surface of the p-n junction with one or
more second electrodes. In one illustrative embodiment, the method includes
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measuring, at the first modulation frequency, a third junction photovoltage signal
from one or more third areas of the first surface of the p-n junction outside of the one
or more illumination areas of the first surface of the p-n junction with one or more
third electrodes, the one or more third areas outside of the one or more second
areas. In one illustrative embodiment, the method includes illuminating the one or
more illumination areas of the first surface of the p-n junction with intensity
modulated light at a second modulation frequency. In one illustrative embodiment,
the method includes measuring, at the second modulation frequency, an additional
first junction photovoltage signal from the one or more first areas within the one or
more illumination areas of the first surface of the p-n junction with one or more
transparent electrodes. In one illustrative embodiment, the method includes
measuring, at the second modulation frequency, an additional second junction
photovoltage signal from the one or more second areas of the first surface of the p-n
junction outside of the one or more illumination areas of the first surface of the p-n
junction with one or more second electrodes. In one illustrative embodiment, the
methed includes measuring, at the second modulation frequency, an additional third
junction photovoltage signal from the one or more third areas of the first surface of
the p-n junction outside of the one or more illumination areas of the first surface of
the p-n junction with one or more third elecirodes. In one illustrative embodiment, the
method includes determining a shunt resistance of the p-n junction with at least one
of the measured first junction photovoltage signal, the measured second junction
photovoltage signal, the measured third junction photovoltage signal, the measured
additional first junction photovoltage signal, the measured additional second junction
photovoltage signal, the measured additional third junction photovoltage signal. In
one illustrative embodiment, the method includes determining a sheet resistance of a
top layer of the p-n junction, when the first modulation fréquency is larger than the
second modulation frequency, with at least one of the measured first junction
photovoltage signal, the measured second junction photovoltage signal, the
measured third junction photovoltage signal, a conductance of the p-n junction and a
depletion width of the p-n junction. In one illustrative embodiment, the method
includes determining a sheet resistance of a top layer of the p-n junction, when the
second modulation frequency is larger than the first modulation frequency, with the
measured additional first junction photovoltage signal, the measured additional
second junction photovoltage signal, the measured additional third junction
8
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photovoltage signal, the conductance of the p-n junction and the depletion width of
the p-n junction.

[0010] A method for contactless measurement of one or more characteristics of one
or more p-n junciions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating
one or more illumination areas of a first surface of a p-n junction of a semiconductor
substrate with intensity modulated light at a modulation frequency. In one illustrative
embodiment, the method includes measuring, at the modulation frequency, a first
junction photovoltage signal from one or more first areas within the one or more
illumination areas of the first surface of the p-n junction with one or more transparent
electrodes. In one illustrative embodiment, the method includes measuring, at the
modulation frequency, a second junction photovoltage signal from one or more
second areas of the first surface of the p-n junction outside of the one or more
illumination areas of the first surface of the p-n junction with one or more second
electrodes. In one illustrative embodiment, the method includes measuring, at the
modulation frequency, a third junction photovoltage signal from one or more third
areas of the first surface of the p-n junction outside of the one or more illumination
areas of the first surface of the p-n junction with one or more third electrodes, the
one or more third areas outside of the one or more second areas. In one illustrative
embodiment, the method includes illuminating the one or more illumination areas of
the first surface of the p-n junction with pulsed light of a selected pulse intensity and
a selected pulse duration. In one illustrative embodiment, the method includes
measuring a decay curve of a sum of at least two of an additional pulse-induced first
junction photovoltage signal from the one or more first areas within the one or more
illumination areas, an additional pulse-induced second junction photovoliage signal
from the one or more second areas outside of the one or more illumination areas or
an additional pulse-induced third junction photovoltage signal from the one or more
third areas outside of the one or more illumination areas. In one illustrative
embodiment, the method includes determining a p-n junction conductance based on
the measured decay curve. In one illustrative embodiment, the method includes
determining a sheet resistance of a top layer of the p-n junction with at least one of
the measured first junction photovoltage signal, the measured second junction
photovoltage signal, the measured third junction photovoltage signal, the additional
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pulse-induced first junction photovoliage, the additional pulse-induced second
junction photovoltage, the additional pulse-induced third junction photovoltage, the
medulation frequency, the determined p-n junction conductance or an acquired
capacitance of the p-n junction.

[0011] A method for contactless measurement of one or more characteristics of one
or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. . In one illustrative embodiment, the method includes illuminating
one or more iIIumination areas of a first surface of a p-n junction of a semiconductor
substrate with intensity modulated light at a first modulation frequency, wherein the
intensity of the light establishes a substantially linear relationship between a junction
photovoltage signal and a light flux inducing the junction photovoltage signal. In one
illustrative embodiment, the method includes measuring, at the first modulation
frequency, a first junction photovoltage signal from one or more first areas covering
the one or more illumination areas of the first surface of the p-n junction with one or
more transparent electrodes. In one illustrative embodiment, the method includes
iluminating one or more illumination areas of a first surface of a p-n junction of a
semiconductor substrate with intensity modulated light at a second modulation
frequency. In one illustrative embodiment, the method includes measuring, at the
second modulation frequency, an additional first junction photovoltage signal from
the one or more first areas covering the one or more illumination areas of the first
surface of the p-n junction with the one or more transparent electrodes. In one
illustrative embodiment, the method includes determining a p-n junction conductance
with at least one of the first junction photovoltage signal, the additional first junction
photovoltage signal, a sheet resistance of a top layer of the p-n junction or a
capacitance of the p-n junction.

[0012] A method for contactless measurement of one or more characteristics of one
or meore p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the method includes illuminating
one or more illumination areas of a first surface of a p-n junction of a semiconductor
substrate with pulsed light having a selected pulse intensity and a selected pulse
duration, the selected pulse intensity establishes a substantially linear relationship
between a junclion photovoltage signai and a light flux inducing the junction
10
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photovoltage signal. In one illustrative embodiment, the method includes measuring
a decay transient of a first junction photovoltage signal from one or more first areas
covering the one or more illumination areas of the first surface of the p-n junction
with one or more transparent electrodes. In one illustrative embodiment, the method
includes determining a p-n junction conductance with at least one of the measured
decay transient of the first junction photovoltage signal or a capacitance of the p-n
junction.

[0013] An apparatus for contactless measurement of one or more characteristics of
one or more p-n junction layers of a semiconductor substrate is disclosed, in
accordance with one embodiment of the present disclosure. In one illusirative
embodiment, the apparatus includes an illumination unit including an illumination
source for illuminating an illumination area of a first surface of semiconductor
substrate including a p-n junction with light including at least one of intensity
modulated light or pulsed light. In one illustrative embodiment, the apparatus
includes a first junction photovoltage measurement unit including at least a first
electrode positioned proximate to the first surface of the p-n junction, the first
electrode position within the illumination area or at least laterally proximate to the
illumination area. In one illustrative embodiment, the apparatus includes a second
junction photovoltage measurement unit including at least a second electrode
positioned proximate to the first surface of the p-n junction, the second electrode
laterally positioned proximate to the first electrode. In one illustrative embodiment,
the apparatus includes a third junction photovoltage measurement unit including at
least a reference electrode positioned proximate to the first surface of the p-n
junction, the third electrode laterally positioned outside df the illumination area.

[0014] In one illustrative embodiment, the apparatus includes a controller
communicatively coupled io at least one of the first junction photovoltage
measurement unit, the second junction photovoltage measurement unit or the third
junction photovoltage unit. In one illustrative embodiment, the controller may receive
a first junction photovoltage signal for the p-n junction and a first calibration junction
photovoltage signal for a calibration p-n junction from the first junction photovoltage
measurement unit. In one illustrative embodiment, the controller may receive a
second junction photovoltage signal for the p-n junction and a second calibration
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junction photovoltage signal for the calibration p-n junction from the second junction
photovoltage measurement unit. In one illustrative embodiment, the controller may
receive a third junction photovoltage signal for the p-n junction and a third calibration
junction photovoltage signal for the calibration p-n junction from the third junction
photovoltage measurement unit. In one illustrative embodiment, the controller may
determine at least one of a corrected first junction photovoltage signal or a corrected
second junction photovoltage signal with at least one of the received first junction
photovoltage signal, the received second junction photovoliage signal or the
received third junction photovoltage signal from the reference electrode. In one
illustrative embodiment, the controller may determine at least one of a corrected first
calibration junction photovoltage signal or a corrected second calibration junction
photovoltage signal with at least one of the received first calibration junction
photovoltage signal, the received second calibration junction photovoltage signal or
the received third calibration junction photovoltage signal. In one illustrative
embodiment, the controller may determine a sheet resistance of the p-n junction of
the semiconductor substrate with at least one of the corrected first junction
photovoltage signal, the corrected second junction photovoltage signal, the corrected
first calibration junction photovoltage signal, the corrected second calibration junction
photovoltage signal or the known sheet resistance of the calibration p-n junction.

[0015] An apparatus for contactless measurement of one or more characteristics of
one or more p-n junction layers of a semiconductor substrate is disclosed, in
accordance with one embodiment of the present disclosure. In one illustrative
embodiment, the apparatus includes an illumination unit including an illumination
source for illuminating an illumination area of a first surface of a p-n junction of a
semiconductor substrate with at least one of intensity modulated light or pulsed light.
In one illustrative embodiment, the apparatus includes a first junction photovoltage
measurement unit including a first transparent electrode for measuring a first junction
photovoltage signal from a first area of the first surface of the p-n junction. In one
illustrative embodiment, the apparatus includes an additional junction photovoltage
measurement unit including a reference electrode for measuring an additional
junction photovoltage signal from an additional area of a second surface of the p-n
junction.
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[0o16] In one ilustrative embodiment, the apparatus includes a controller
communicatively coupled to the first junction photovoltage measurement unit, the
second junction photovoltage measurement unit or the additional junction
photovoltage measurement unit. In one illustrative embodiment, the controller may
receive the first junction photovoltage signal for the first area of the first surface of
the p-n junction from the first junction photovoltage measurement unit. In one
ilustrative embodiment, the controller may receive a first junction photovoltage
calibration signal for the first area of the first surface of a calibration p-n junction from
the first junction photovoltage measurement unit. In one illustrative embodiment, the
controller may receive an additional junction photovoltage signal for the additional
area of the second surface of the p-n junction from the reference junction
photovoliage measurement unit. In one illustrative embodiment, the controller may
receive an additional junction photovoltage calibration signal for the additional area
of a second surface of a calibration p-n junction from the reference junction
photovoltage measurement unit. In one illustrative embodiment, the controller may
determine a sheet resistance of the iop layer of the p-n junction with at least one of
the first junction photovoltage signal, the additional junction photovoltage signal, the
first junction photovoltage calibration signal, the additional junction photovoltage
signal, the sheet resistance of a substrate of the p-n junction or an effective sheet
resistance of the p-n junction.

[0017]1 An apparatus for contactless measurement of one or more characteristics of
one or more p-n junctions is disclosed, in accordance with one embodiment of the
present disclosure. In one illustrative embodiment, the apparatus includes an
illumination unit including an illumination source for illuminating rectangle-shaped
ilumination area of a surface of a p-n junction with intensity modulated light. In one
illustrative embodiment, the apparatus includes a first junction photovoltage
measurement unit including a first transparent elecirode for measuring a first junction
photovoltage signal from a rectangle-shaped first area of the surface of the p-n
junction within the rectangle-shaped illumination area. In one Iillustrative
embodiment, the apparatus includes a second junction photovoltage measurement
unit including a second electrode for measuring a second junction photovoltage
signal from a rectangie-shaped second area of the surface of the p-n junction, the
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second area outside of the illumination area and laterally proximate to the
illumination area.

[0018] In one illustrative embodiment, the apparatus includes a controller
communicatively coupled to the first junction photovoltage measurement unit and the
second junction photovoltage measurement unit. In one illustrative embodiment, the
controller may adjust a modulation frequency of the intensity modulated light emitted
by the illumination source to attain an attenuation of the second junction
photovoltage signal at or above a selected attenuation level. In one illustrative
embodiment, the controller may determine a sheet resistance of a top layer of the p-
n junction with at least one of the measured first junction photovoltage signal, the
measured second junction photovoltage signal, and a capacitance of the p-n junction
or a distance of the rectangle illumination area from an edge of the semiconductor
substrate.

[0019] It is to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory only and are not
necessarily restrictive of the invention as claimed. The accompanying drawings,
which are incorporated in and constitute a part of the specification, illustrate
embodiments of the invention and together with the general description, serve to
explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] The numerous advantages of the disclosure may be better understood by
those skilled in the art by reference to the accompanying figures in which:

FIGS. 1A-1C illustrate an apparatus for contactless measurement of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.
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FIGS. 1D-1F illustrate an apparatus for contactless measurement of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.

FIG. 1G illustraies an apparatus for contactless measurement of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.

FIGS. 1H-11 illustrate a set of junction photovoltage spatial distributions, in
accordance with one or more embodiments of the present disclosure.

FIGS. 1J-1K illustrate methods for contaciless measurement of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.

FIGS. 1L-1N iliustrate an elecirode and illumination arrangement in an apparatus for
contactless measurement of one or more characteristics of a p-n junction, in
accordance with one or more embodiments of the present disclosure.

FIG. 10 illustrates a method for contactless measurement of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.

FIGS. 2A-2C illustrate an apparatus for contactless measuremeni of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.

FIG. 2D illustrates a graph depicting JPV signals acquired from a series of electrode
configurations as a function of frequency, in accordance with one or more
embodiments of the present disclosure.

FIG. 2E iflustrates a graph depicting JPV signals acquired from a series of electrode
configurations as a function of time, in accordance with one or more
embodiments of the present disclosure.

FIGS. 2F-2J illustrate methods for contactless measurement of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.

FIGS. 3A-3l illustrate an apparatus for contactless measurement of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.

15



WO 2015/058130 PCT/US2014/061212

FIG. 3J illustrates a graph depicting a series of simulated JPV signals as a function
of time, in accordance with one or more embodiments of the present
disclosure.

FIG. 3K illustrates a graph depicting a series of simulated JPV signals as a function
of time, in accordance with one or more embodiments of the present
disclosure, in accordance with one or more embodiments of the present
disclosure.

FIG. 3L illustrates a graph depicting a Ln{JPV) curve acquired from a series of
electrode configurations as a function of time and corresponding tangent
lines, in accordance with one or more embodiments of the present disclosure.

FIGS. 3M-3N illustrate methods for contactless measurement of one or more
characteristics of a p-n junction, in accordance with one or more embodiments
of the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION

[0003] Reference will now be made in detail to the subject matter disclosed, which
is illustrated in the accompanying drawings.

[0004] Referring generally to FIGS. 1A through 3N, a system and method for
contactless measurement of one or more characteristics of a p-n junction is
described in accordance with the present disclosure. Embodiments of the present
disclosure are directed to a non-contact junction photovoltage (JPV) technique
suitable for measuring sheet resistance, shunt resistance, conductance and/or
leakage current in p-n junction layers. Embodiments of the present disclosure,
among other things, provide an advanced four electrode configuration for accurate
measurements of top p-n junction layer sheet resistance Ry, which is not effected by
variation of substrate doping and its sheet resistance Rsz. In addition, embodiments
of the present disclosure diminish the impact of back side wafer SPV on systematic
error. Embodiments of the present invention also provide for measurements of sheet
resistances Rsr and Rsz of both p-n junction layers.

[0005] FIGS. 1A-1C illustrate a system 100 for measuring one or more
characteristics of one or more p-n junctions, in accordance with one or more
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embodiments of the present disclosure. In some embodiments, the non-contact
measurement techniques of the present disclosure may provide, but are not limited
to, a measurement of a sheet resistance of a p-n junction and/or a shunt resistance
of a p-n junction based on one or more junction photovoltage (JPV) measurements
at various regions of a surface of a p-n junction of a semiconductor substrate. V.
Faifer et al. describe the calibration of JPV measurements in U.S. Patent Application
No. 14/475,025, filed on September 2, 2014, which is incorporated herein by
reference in the entirety.

[0006] Referring now to FIG. 1A, in one embodiment, the system 100 includes an
illumination unit 141. In another embodiment, the system 100 includes a first junction
JPV measurement unit 142. In another embodiment, the system 100 includes a
second JPV measurement unit 143. In another embodiment, the system 100
includes a third JPV measurement unit 144. In another embodiment, the system 100
includes a fourth JPV measurement unit 145. In another embodiment, the system
100 includes a controller 121 communicatively coupled to the illumination unit 141,
the first JPV measurement unit 142, the second JPV measurement unit 143, the third
JPV measurement unit 144 and/or the fourth JPV measurement unit 145. It is noted
herein that the embodiments of the present disclosure do not require each of the
JPV measurement units 142-145 depicted in FIG. 1A. As such, embodiments
including one, two or all of JPV measurement units 142-145 are contemplated to be
within the scope of the present invention.

[0007] In one embodiment, the controller 121 is configured to direct the illumination
unit 141 to illuminate a semiconductor substrate including a p-n junction 103 with
light having one or more selected characteristics (e.g., intensity, modulation
frequency, pulse intensity, puise duration and the like). In turn, the controller 121
may receive measurements of various response characteristics of the p-n junction
103, such as, but not limited to, a first JPV signal from JPV measurement unit 142, a
second JPV signal from JPV measurement unit 143, a third JPV signal from JPV
measurement unit 144 and/or a fourth JPV signal from JPV measurement unit 145.
Further, the controfler 121 may determine the sheet resistance and/or the shunt
resistance of the p-n junction 103 based on the measured characteristics and the
various relationships described throughout the present disclosure.
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[0008] In one embodiment, the illumination unit 141 includes one or more
illumination sources 107. In one embodiment, the one or more illumination sources
107 are arranged to illuminate an area of a semiconductor substrate including a p-n
junction 103 with light 125 (e.g., intensity modulated light or pulsed light). For
example, the illumination source 107 may be arranged to illuminate a first
illumination area AO of the surface 106 of the substrate 102 (e.g., semiconductor
wafer including a p-n junction).

[0009] In another embodiment, the illumination source 107 illuminates the surface
106 of the p-n junction 103 with light at one or more selected intensities. In another
embodiment, the illumination source 107 illuminates the surface of the p-n junction
103 with light at one or more selected modulation frequencies. For example, the
ilumination source 107 may output a light signal modulated at a selected modulation
frequency. For instance, the modulation frequency of the light may correspond to a
steady-state condition (e.g., low modulation frequency) or a non-steady-state
condition (e.g., high modulation frequency). By way of another example, the
illumination source 107 may output a pulsed light signal. In another embodiment, the
illumination unit 141 illuminates the surface of the p-n junction 103 with light
including a selected wavelength or range of wavelengths.

[c010] In one embodiment, the illumination unit 141 illuminates an area of a
semiconductor substrate including the p-n junction 103 with light 104. In another
embodiment, the illumination unit 141 illuminates the surface of the p-n junction 103
with light at one or more selected intensities. In another embodiment, the illumination
unit 141 illuminates the surface of the p-n junction103 with light at one or more
selected modulation frequencies. For example, the illumination source 107 may
output a modulated light signal modulated at a selected modulation frequency. By
way of another example, the illumination source 107 may output a pulsed light
signal. In another embodiment, the illumination unit 141 illuminates the surface of
the p-n junctioni03 with light including a selected wavelength or range of
wavelengths.

[0011] The illumination source 107 may include any illumination source known in
the art suitable for providing modulated or pulsed light. For example, the illumination
unit 141 may include an illumination source 107, such as, but not limited to, a light
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emitting diode (LED), multiple LEDs, one or more lasers, a flashlamp (e.g., filtered
flashlamp), or a shuttered lamp. For the remainder of the present disclosure, the
illumination source 107 of the illumination unit 141 is described in the context of an
LED. Itis noted herein that the illumination source 107 is not limited to an LED and
this simplification is provided merely for purposes of clarity and it is contemplated
herein that the illumination source 107 may include any additional type of light
source (e.g., a laser). '

[0012) In another embodiment, the illumination unit 141 includes one or more
optical fiber bundles 105. In another embodiment, the one or more optical fiber
bundles 105 serve to optically couple an output of the illumination source 107 and an
illumination area AO of the front surface of the substrate 102. For example, a first end
(i.e., the input) of the optical fiber bundle 107 may be coupled to the output of the
illumination source 107, while a second end (i.e., the output) of the optical fiber
bundle 107 is arranged to deliver illumination 125 traveling through the one or more
optical bundles 105 to the illumination area A0 of the iront surface 106 of the
substrate 102.

[0013] In another embodiment, the illumination unit 141 includes a signal generator
109 and/or driver 108 (e.g., LED driver) coupled to the illumination source 107 and
the controller 121. In this regard, the controller 121 may direct the signal generator
109 to drive the illumination source 107 in order to generate a desired illumination
output. For example, the signal generator 109 may cause the iflumination source
107 to output a modulated light signal having a selected modulation frequency. By
way of another example, the signal generator 109 may cause the illumination source
107 to output one or more light pulses of a selected duration (i.e., pulsed light
signal). By way of another example, the signal generator 109 may cause the
illumination source 107 to output one or more light pulses of a selected intensity. For
example, the signal generator 109 may cause the illumination source 107 to output a
modulated light signal having a modulation frequency sufficiently low to cause a
steady-state condition in the stimulated JPV signal of the p-n junction 103. By way of
another example, the signal generator 109 may cause the illumination source 107 to
output a modulated light signal having a modulation frequency sufficiently high to
cause a non-steady-state condition in the stimulated JPV signal of the p-n junction.
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[00141 In one embodiment, the first JPV measurement unit includes a first
electrode 110 for measuring a JPV signal for a selected area of the p-n junction 103.
In one embodiment, the first electrode 110 is positioned near the front surface 106 of
the semiconductor substrate 102 including a p-n junction 103. In ancther
embodiment, the second JPV measurement unit includes a second electrode 111 for
measuring a second JPV signal for a selected area of the p-n junction 103. In one
embodiment, the second electrode 111 is also positioned near the front surface 106

of the semiconductor substrate 102 including a p-n junction 103.

[0015] As shown in FIGS. 1A-1C, in one embodiment, the first electrode 110 and
the second electrode 111 are laterally positioned proximate to the illumination AO. In
this regard, the illumination 125 from the illumination source 107 is transmitted via
the optical bundle 105 so as not substantially impinge on the first electrode 110 or
the second 111 electrode. In one embodiment, the first electrode 110 may be
arranged concentrically with respect to the illumination area AO receiving illumination
125. In this regard, the first electrode 110 may measure, or pick up, a first JPV signal
associated with the first area, A1, of the p-n junction 103 such that the first area A1 is
not within the illumination area AO. In another embodiment, the second electrode
111 may be arranged concentrically with the first electrode 110. In this regard, the
second electrode 111 may measure, or pick up, a second JPV signal associated with
a second area, A2, of the p-n junction 103. For example, as shown in FIGS. 1B and
1C, the first electrode 110 may include, but is not limited to, an opaque arc-shaped
electrode (e.g., metal electrode) arranged concentrically with respect to the
illumination 125 impinging on the illumination area 125. By way of another example,
as shown in FIGS. 1B and 1C, the second electrode 111 may include, but is not
limited to, an opaque arc-shaped electrode (e.g., metal electrode) arranged
concentrically with respect to the first electrode 110. For instance, as shown in FIG.
1C, the area of illumination 125 may have a radius of ro, while the first electrode 110
has an inner radius of ry and an outer radius of ro. Further, the second electrode 111

may have an inner radius of r3 and an outer radius of r4, where rs>ra>ra>ri>ro

[0016] It is further noted herein that the first electrode 110 and the second electrode
111 may take on any suitable shape known in the art. For example, the first and
second electrodes 110 may take on an arc shape, an open partial rectangle shape,
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an open partial square, an open partial oval shape, an open partial polygon shape
and the like.

[0017] In another embodiment, the third JPV measurement unit 144 includes a
reference electrode 116. In one embodiment, the reference electrode 116 is
positioned near the surface layer 106 of the semiconductor substrate 102. In another
embodiment, the reference electrode 116 is positioned along the lateral direction
(i.e., within the plane of the defined by the electrodes) at a selected distance away
from the illumination area AQ, the first electrode 110 and the second electrode 111.
In this regard, the reference electrode 116 may measure a reference signal from a
third area, A3, of the surface 106 of the p-n junction 102. For example, the reference
electrode 116 may be positioned at a distance approximately equal to the radius of
substrate 102 (e.g., wafer). 1t is noted herein that the reference electrode 116 may
be used to provide corrections to the first and second JPV signals measured with the
first electrode 110 and second electrode 111 respectively, as described in greater
detail further herein. In one embodiment, the reference electrode 116 includes an
opaque electrode.

[0018] The reference electrode 116 may take on any suitable shape known in the
art such as, but not limited to, a square, a rectangle, a circle, an oval, a polygon and
the like. For example, as shown in FIG. 1B, the reference electrode 116 may have a
square shape with a dimension “a.” In another embodiment, a grounded electrode
126 may surround reference electrode 116. It is noted herein that the grounded
electrode 126 may serve to diminish electrostatic effects induced by the edge of the
substrate 102. In another embodiment, although not shown, the first electrode 110
and/or the second electrode 111 may be surrounded by a grounding electrode.

[0019] In another embodiment, the fourth JPV measurement unit 145 includes a
fourth electrode 122. In one embodiment, the fourth electrode 122 is also positioned
near the surface layer 106 of the semiconductor substrate 102. In another
embodiment, the fourth electrode 122 surrounds the first electrode 110 and the
second electrode 111, as shown in FIGS. 1A and 1B. In this regard, the fourth
electrode 122 may measure a fourth JPV signal from a fourth area, A4, of the p-n
junction 102. It is noted herein that the electrode 122 may be used to improve
accuracy when measuring shunt resistance, or conductance, in the p-n junction. In
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addition, the surrounding electrode 122 may provide corrections to sheet resistance
measurements, as described in greater detail further herein. In one embodiment, the

reference electrode 116 includes an opague electrode.

[002¢] In another embodiment, one or more of the junction photovoltage
measurement units 142-145 may include one or more signal processing elements
configured to process a measured signal prior to transmission to the controfler 121.
For example, the measurement units 142, 143, 144 and 145 may include, but are not
limited to, preamplifiers 112, 113, 123 and 117, respectively, for amplifying the
signals from the electrodes 110, 111, 122, and 116. By way of another example, the
measurement units 142, 143, 144 and 145 may include, but are not limited to,
demodulators/detectors 114, 115, 124 and 118, respectively, for demodulating
and/or detecting the signals from the electrodes 110, 111, 122, and 116. Further,
upon amplification, demodulation and/or detection, the signals from the electrodes
110, 111, 112, and 116 may be received by the controller 121 via an interface.

[0021] In one embodiment, the semiconductor substrate 102 including one or more
p-n junctions 103 is disposed on a chuck 104. In another embodiment, the chuck
104 includes a conducting chuck (e.g., metal chuck). In another embodiment, the
chuck 104 includes a metal chuck connected to ground. In another embodiment, the
system 100 includes a signal generator 119 coupled to the wafer chuck 104 through
switch 120. For example, the switch 120 may be directly coupled to the chuck 104.
in another embodiment, the switch 120 is couple to ground. In another embodiment,
the signal generator 119 is coupled to controller 121, whereby the controller 121 may
direct the signal generator 119 to apply a selected signal to the chuck 104. In one
embodiment, the signal generator 119 may apply one or more calibration signals
{e.g., impulses) to aid in measuring accurate signals of the present disclosure (e.g.,
JPV signal). For example, the signal generator 119 may be used to apply an AC
signal to the chuck 104 through switch 120 in order to calibrate one or more
photovoitage signals. It is noted herein that V. Faifer et al. describe the calibration of
JPV measurements in U.S. Patent Application No. 14/475,025, filed on September 2,
2014, which is incorporated above in the entirety.

[0022] It is noted herein that the chuck is not limited to a conducting or metal
chuck and the description above is provided merely for illustrative purposes. For
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example, the chuck 104 may include a non-conducting chuck. In one embodiment,
one or more calibrating signals of the present disclosure may be applied to the edge
of the substrate 103 (rather than through the chuck 104, as described previously
herein).

[0023] In another embodiment, the coniroller 121 is configured to receive one or
more measurements (e.g., measurement of test wafer or measurement of calibration
wafer) from the JPV measurement units 142-145. Based on those measurements
the controller 121 is further configured to determine or more characteristics
associated with the p-n junction 103. In one embodiment, the controller 121 receives
a first junction photovoltage signal for the p-n junction 103 and a first calibration
junction photovoltage signal for a calibration p-n junction from the first junction
photovoltage measurement unit 142. In another embodiment, the controller 121
receives a second junction photovoltage signal for the p-n junction and a second
calibration junction photovoliage signal for the calibration p-n junction from the
second junction photovoltage measurement unit 143. In another embodiment, the
controller 121 receives a third junction photovoltage signal for the p-n junction and a
third calibration junction photovoltage signal for the calibration p-n junction from the
third junction photovoltage measurement unit 144. In another embodiment, the
controller 121 determines at least one of a corrected first junction photovoltage
signal or a corrected second junction photovoltage signal with at least one of the
received first junction photovoltage signal, the received second junction photovoltage
signal or the received third junction photovoltage signal. In another embodiment, the
controller 121 determines at least one of a corrected first calibration junction
photovoltage signal or a corrected second calibration junction photovoltage signal
with at least one of the received first calibration junction photovoltage signal, the
received second calibration junction photovoltage signal or the received third
calibration junction photovoltage signal. In another embodiment, the controller 121
determines a sheet resistance of the p-n junction layers of the semiconductor
substrate with at least one of the corrected first junction photovoltage signal, the
corrected second junction photovoltage signal, the corrected first calibration junction
photovoltage signal, the corrected second calibration junction photovoltage signal or
the known sheet resistance of the calibration p-n junction.
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© [0024] In one embodiment, the system 100 may acquire at least one of a first
calibration junction photovoltage for the first electrode from a calibration p-n junction,
a second calibration junction photovoltage for the second electrode from the
calibration p-n junction or a third calibration junction photovoltage for the reference
electrode from the calibration p-n junction. In another embodiment, JPV calibration
. signal may be acquired by: illuminating an illumination area of a surface of the
calibration p-n junction of a semiconductor substrate with at least one of intensity
modulated light or pulsed light. Then, measuring a first junction photovoltage signal
from a first area of the surface of the calibration p-n junction with the first electrode.
Then, measuring a second junction photovoltage signal from a second area of the
surface of the calibration p-n junction with the second electrode. Then, measuring a
third junction photovoltage signal from a third area of the surface of the calibration p-
n junction with the reference electrode.

[00251 In another embodiment, calibration of the JPV signhals may be achieved
through the application of calibration voltage signals via the generator 119 and
switch 120 described throughout the present disclosure.

[0026] It is noted that procedures for the calibration and correction of the first
junction photovoltage signal, the second junction photovoltage signal and the third
calibration signal are described in greater detail further herein.

[0027] In another embodiment, the controller 121 receives a fourth junction
photovoltage signal for the fourth area of the surface of p-n junction from the fourth
glectrode 122. In another embodiment, the controller 121 sums the first junction
photovoltage, the second junction photovoltage and the fourth junction photovoltage
to form a summed junction photovoltage signal. In another embodiment, the
controller 121 determines a shunt resistance of the p-n junction based on the
frequency dependence of the summed junction photovoltage signal, as described in
greater detail further herein. In another embodiment, the controller 121 determines a
shunt resistance of the p-n junction based on the decay of the summed junction
photovoltage signal generated via pulsed light.

[0028] FIGS. 1D-1F illustrate system 100 equipped with a transparent first electrode
110, in accordance with one or more embodiments of the present disclosure. As
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shown in FIG. 1D, the first electrode 110 may include a transparent electrode 110
(rather than the opaque first electrode depicted in FIG. 1A). In one embodiment, the
transparent electrode 110 is configured to transmit illumination 125 from the
illumination source 107 to the illumination area AQ on the surface 106 of the p-n
junction 103. In one embodiment, as depicted in FIG. 1D, the first transparent
electrode 110 is coextensive with the illumination area AQ. In this regard, the area
A1 associated with first transparent electrode 110 is coextensive with the illumination
area AQ, as shown in FIGS. 1D and 1E. In ancother embodiment, the first transparent
electrode 110 is inside of the illumination area AQ such that the electrode 110 is
smaller than the illumination area. In another embodiment, the first transparent
electrode 110 covers the illumination area A0 such that the illumination area A0 is
smaller than the electrode 110.

[0629] In another embodiment, the first transparent electrode of FIG. 1D-1E
includes a transparent conducting oxide (TCO) coating disposed on a transparent
substrate. For example, the transparent substrate may include, but is not limited to,
quartz, sapphire or a glass substrate. In another embodiment, the first transparent
electrode 110 includes a wire mesh suspended above the surface of the p-n junction.
In another embodiment, the first transparent electrode 110 includes a wire mesh
disposed on a transparent plate. In another embodiment, the first transparent
electrode 110 a nanowire coating.

100301 It is further noted herein that the first electrode 110 may take on any suitable
shape known in the art such as, but not limited to, circular disk shape, a square, a
rectangle, an oval a polygon and the like. For example, as shown in FIG. 1E, the
first transparent electrode 110 may have a circular disk shape. For instance, as
shown in FIG. 1F, the area of illumination 125 and the first transparent electrode 110
may each have a radius of r0, while the second electrode 111 has an inner radius of
r1 and an outer radius of rp, where ra>ri>ro,

[0031] FIG. 1G illustrates system 100 with the reference electrode 116 positioned
on the backside of the semiconductor substrate 102, in accordance with one or more
embodiments of the present invention. In one embodiment, the reference electrode
116 of the third measurement system 144 is positioned within a gap in the chuck 104
and proximate to the backside surface of the semiconductor substrate 102.
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[0032] In one embodiment, as shown in FIG. 1G, the system 100 includes a first
transparent electrode 110 optically coupled with the illumination 125 so as to
transmit the illumination 125 to the illumination area AO, as described previously
herein. In another embodiment, the first transparent electrode 110 is coextensive
with the illumination area A0Q. In another embodiment, the first transparent electrode
110 has an area inside the illumination area AQ. In another embodiment, the first
transparent electrode 110 covers the illumination area AD so that the illumination
area A0 is inside the area of the first transparent electrode 110.

[0033]1 In one embodiment, the reference electrode 116 is opaque. In another
embodiment, the opaque reference electrode 116 is positioned opposite of the first
fransparent electrode 110 so that they are substantially aligned. In another
embodiment, the opaque reference electrode 116 has substantially the same area

(e.g., same diameter in case of circular geometry) as the first transparent electrode
110.

[0034] The reference electrode 116 and/or the first transparent electrode 110 may
take on any shape known in the art such as, but not limited to, a ring shape or a disk
shape.

[0035] In another embodiment, also shown in FIG. 1G, the system 100 includes a
second opaque electrode 111 positioned outside of the illumination area AO to
measure a second signal, or additional signal, outside of the illumination area AO,
thereby allowing for the determination of the sheet resistance of both the p-n junction
layers.

[0036] It is noted herein that system 100 may be utilized to determine sheet
resistance of the p-n junction 103 of substrate 102 through the photoexcitation of
excess carriers in the p-n junction 103 with illumination 125 and the subsequent
comparison of the JPV signals V1 and V2 associated with electrodes 110 and 111 to
the JPV signal V3 with the reference electrode 116. JPV distributions under local
optical excitation of silicon wafers with p-n junctions where Rs>>Rs2 is described in
detail in V. Faifer et.al., Proceedings of 24" ESSDERC94, Edinburgh, p.601 (1994);
and V.N.Faifer et.al., Appl.Phys.Let., 89,151123 (2006), which are each incorporated
herein by reference in the entirety.
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00371 FIG. 1H depicts a conceptual view 150 of spatial JPV distributions on the
frontside and backside of semiconductor substrate disposed on a grounded chuck
104 that includes a hole or gap. For instance, FIG. 1H illustrates a first spatial JPV,
v1, distribution 152 generated on the front side 106 of the semiconductor substrate
102 and a second spatial JPV, v, distribution 154 generated on the backside of the
semiconductor substrate 102, which are generated in response to illumination 125.
FIG. 1l depicts a conceptual view 160 of a spatial JPV, vy, distribution of a
semiconductor substrate disposed on a grounded chuck 104 that does not include a
hole or gap. For instance, FIG. 1l illustrates a spatial JPV, vy, distribution 152
generated on the front side 106 of the semiconductor substrate 102 disposed on a
grounded chuck 104 without a hole or gap. It is noted herein that such an
arrangement includes a JPV offset voltage, Vorr, which is stimulated by the
interaction of the backside JPV distribution 154 with the chuck 104.

[0038] In the event Ry is the same order of magnitude as Ry and substrate 102 is
placed on a chuck 104 including a pass through hole or gap, as show in FIG. 1H, the
relationship for the JPV values v;(x,y) 152 at front surface layer 106 of wafer 102
and the JPV value vo(x,y) 154 at back side 156 of said wafer 102 as function of x-y
position is given by: |

a2 a2 a

Tt 5n = Rer + R)Con T2+ (Rey + Rez)Gpmvy — q(1 — R)R® (1)
621:2 Bzvz _ 6112 2
222 + R (Rsy + Rsz)cpn? + (Re; + Rsz)Gpnvz —q(1—R)R® (2)

[0039] Where the distribution vs(x,y,t) 152 represents the JPV value at the top layer
106 as a function of x-y position, the distribution va(x,y,f} 154 is the JPV value at
bottom surface 156 of wafer 102 as a function of coordinates x-y position, &(x,y,t)
is the effective intensity of light flux, Res is the sheet resistance of the upper layer
106 of the p-n junction 103, R is the sheet resistance of the bottom layer 156 of
the p-n junction, Cp, is the capacitance of p-n junction per unit area, Gy, is the
conductance of p-n junction per unit area and R is reflectivity of semiconductor
material of the p-n junction. Further, the conductance of the p-n junction can be
determined as:
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I,-q
m =?2'(}\,—'-T+1/RSH (3)

[oo40] Where q is charge of the electron; k is Boltzman's constant; T is
temperature; R is the shunt resistance of the p-n junction; fo and n are the
prefactor and ideality factor represented in the following relation between current, /,
and voltage, V, of the p-n junction:

I =1I,-lexp(q-V/n-kT)-1] (4)

[0041] The photovoltage signals Vy and V> captured by electrodes 110 and 111 can
be calculated using the formulas:

@0 =C, £ [ (x, 3, 0)dxdy (5)
V0 =C, J [ (x, y,ydxdy (6)

[0042] Where S; and S; are the areas of electrodes 110 and 111, Cs and C; are
constants which depend on the gain of amplification of the preamplifiers 112 and 113
and other parameters. [n the case of sinusoid modulated light, the JPV signal can be
represented as.

i@ =" exp(je-) (7)

V@)=V, exp(jw-t) (8)

[0043] Where Vi, V2 are the magnitudes of JPV signals, «=2af, f is light
modulating frequency.

[0044] Using equations (1-6), the magnitudes of JPV signals from arc elecirode
110, V4, and arc electrode 111, Vo, for probe configuration depicted in FIGS. 1A-1C
is given by:
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2q(1—-R)DgRsy
kzro

Vi=0C Iy (k) [y Ky (k) — 1Ky (k)] (9)

2q(1-R)®gRs1

V=06 e Iy (kry) [ra Ky (kra) — 1Ky (k1)) (10)
[0045] Where

k= \/(Rsl + Rsz)Gpn + znif(Rsl + Rsz)cpn (1 1)
i=+-1 (12)

[0046] Where lp(z) and I+(z) are the modified Bessel function of the first kind; Ko(z)
and Ky(z) are the modified Bessel function of the second kind; 1 is the radius of light
beam 125, ry, r» are the inner and outer radii of electrode 110, respectively, and rz,ry
are the inner and outer radii of electrode 111, respectively; and & is the effective

light flux.

[0047] 1t is further noted that constants C; and C:; depend on the gain of
amplification of the preamplifiers 112 and 113 and can be calibrated by the controller
121 using signal generator 119 and switch 120.

[0o04s] Further, parameter k can be determined by the controller 121 using the ratio
of measured JPV signals and the following relationship:

“_ C1 11Ky (kra)—1aKa(kr3)
Vz  Ca1aKy(krs)—1aKa(kry)

(13)

[0049] In another embodiment, the sheet resistance Rsu of measured wafer can be
determined by the controller 121 using measured JPV signals Vi and Vaoy from
electrodes 110 and 111 for measured wafer and JPV signals Vic and V¢ from the
said electrodes for calibrated wafer with known sheet resistance Rse and formula:

Vi iy T (kero)lrs Ky (kers)—12Ky (Kers)]
Vic k& I (kpto)lro Ky Uepr)—12K (kya))

Rsy = Rs¢ (14)
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[0050] Where parameters kc and kuy may be calculated by the controller 121 using

equations:

Vim _ Ci 11Ky (emr) 12K (kmra)
Vo  CoraKy(keprs)—raK;(kpry)

(15)

Vig _ €y maKy(ker)—raKy (kero)
Vac  CpTaKa(kera)—7aKy(kery)

(16)

[0051] In the case of system 100, shown in FIGS. 1D-1F, equations (1-6) above
can be used to derive the magnitudes of the JPV signals from transparent and
conducting electrode 110, Vy, and arc electrode 111, V!

q(1-R)DoRs1

Vl = Cl 12

[1 — 21 (krp) Ky (kry)] (17)

Vy = € 200, (o) [ o (k) — 6y (k)] (18)

[0052] Where

k= \/(Rsl + Rg3) Gpn + 2mif (Rg; + Rsz)cpn (19)

and lo(z), I1(z), are the modified Bessel function of the first kind; Ko(z), K1(z) are the
modified Bessel function of the second kind; rp is the radius of electrode 110, ry and

rz are inner and outer radiuses of electrode 111 and & is the effective light flux.

[0053] It is again noted that constants Cs and C, depend on the gain of
amplification of the preamplifiers 112 and 113 and can be calibrated by the controller
121 using signal generator 119 and switch 120.

[0054] In addition, parameter k can be determined by the controlter 121 using ratio
of measured JPV signals and the follow equation:
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V1 _ Cl ?'b 1—211(k7‘0)K1(k1‘0)
Vo Cy Ih(krp) K (kr)—1o K (kry)

(20)

[0055] Further, the sheet resistance Rsyy of measured wafer can be determined by
controller 121 using measured JPV signals Vin and Vay from electrodes 110 and
111 for measured wafer and JPV signals Vic and Vac from the electrodes for a
calibration wafer with known sheet resistance Rssc and formula:

Vic kfy 1-213(kero)Ky (keto)

R =R 21
SiM s1c Vam k& 1-21 (kp7o) K (kpeto) (1)
[0056] where parameters k¢ and ky are calculated using equations:

V]_M _ Cl To 1—-211(kMr0)K1(kMr0)

o= (22)
Vo Ca I3 (lyro) T Ky Uy ) =12 Kq (e 72)

_VLC_ — C'l o 1—2f1(kc7"0)f(1(kcro) (23)

Vac  Cpli(kero) T1K 1{keer) =1 K (kerad

100571 It is noted herein that a chuck 104, as shown in Fig. 1G, including a hole or
making contact to part of the wafer 102, can be difficult to use for mapping of an
entire wafer. In the case of chuck without hole, as shown in FIG. 1A and FIG. 1D,
the JPV and SPV at the back side of the wafer 102 generate a JPV offset at front
side of the wafer Vo (see FIG. 11). Vor can be determined using the following

formula:

q(1—R)®yRs;

K2R, (24)

Vorr = C3

[0058] Where Ry is the wafer radius.
[0059] Corrected JPV signals from electrodes 110 and 111 can be calculated by the
confroller 121 using measured offset the JPV signal from electrode 116, V3, and

formulas:

5
Vicor = V1 — ivs (25)
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s
Vocor = Vo — éva (26)

—R)®
V3 = Csssvoff = M& (27)

k2nRE,

[0060] Where Sy, Sz, Ssare the areas of electrodes 110, 111 and 116, respectively.

[0061] Sheet resistance Rsyy of measured wafer can be determined using said
corrected with formulas (25, 26) JPV signals Vimcor and Vaucor from electrodes 110
and 111 for measured wafer and JPV signals Viccor and Vaccor from the said
electrodes for calibrated wafer with known sheet resistance Rsyc and formulas (14-
16) for electrode configuration at Fig.1A-1C or formulas (21-23) for electrode
configuration at Fig. 1D-1F.

[0062] In the case of GalnN or AlGalnP LEDs, the capacitance of the p-n junction is
determined by thickness of the undoped active layer, d, and can be determined
using formula:

Cpn = =2 (28)

[0063] Where gs and gare again the permittivity of semiconductor and vacuum.

[0064] Capacitance of the p-n junction, Cpn, can be determined using the corrected
JPV signals Viccor, Vaccor measured on a calibration p-n junction with known sheet
resistances Rscr and Rsc2and the following relationships:

Viccor _ C1_ To 1-214 (kero) K Ukero) (29)
VoC€Cor  Cp 1y (kero) TaKy(kere)—T2 Ky (keta)
ke = /2mif (Rsey + Rscz2) Cpn (30)

[0065] Using said measured capacitance, Cp,, and measured JPV signals on tested
p-n junction Vi, Vo, Vau sheet resistances Rss and Rsz can be determined using
set of equations
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ViMcCor — _C_J._ To 1211 (krg )k (krq) (31)
VamCor Gy Iy(krg) rKy (kry)—12K, (k73)

Vamcor _ CiRumRiy[y _

VzMCor  C3Rs; Sy [1 21 (krU)Kl(krU)] (32)
k = \/2mif (Rs; + Rs2)Con (33)

[0066] Where Vimcorn Vomcor are corrected measured photovoltages based on
formulas (25) and (26).

[0067] In the case of system 100 depicted in FIG. 1G, using measurements of
signals Vi, Vo and V33 from electrodes 110, 116 and 111, generated from signal
generator 119, and switch 120 and the electrode-chuck 104 (with a hole) and JPV
signals V4, Vo V3 from a tested p-n junction Vye, Vi, Vac from a calibration p-n
junction with known sheet resistances Rscs and Rscz, the sheet resistances Rsy and
Rs;of said tested p-n junction can be determined using the following relationships:

Rs1 _ ViVez (34)
Rsz VaVis

Kj; — @ 1—211(kT0)K1(k7'0) (35)
Vs Vig Iy (krg}[r Ky (kry) -1 Ky (kr)]

Vic _ Vas 1-213 (keTo) Ka(keto) (36)
VsC Vg Ii(kero)[riKy(kery)—1aKq (ker)]

k= \/Zﬂ'if(RSl + Rsz)Cpn (37)
ke = \/2mif (Rser + Rscz)Cpn (38)

[0068] In the event the substrate sheet resistance is unknown, in addition to the
JPV technique, an Eddy current technique can be used for measurements of sheet
resistances Rssand Rsz.

[0069] In the case of the eddy current technigue, absorbed electromagnetic power
P, is determined by the controller 121 using formula:
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P, = Const futa(x)dx =C onst% = Const Rgp (39)
1 2

[0070] Where ofx) is a depth distribution of conductivity, t is wafer thickness, Rsp is
an effective sheet resistance of the p-n junction measured using eddy current
technique. Sheet resistance, Rsy, can be determined using said JPV signals V;, Vo,
calibration signals Ve, Ve, and effective sheet resistance of the p-n junction, Rsp,
and formula:

— Vivae
Rsy = (1 +152) Rsp (40)

[0071] FIG. 1J illustrates a flow diagram 170 depicting a method for contactless
measurement of one or more characteristics of one or more p-n junction layers of a
semiconductor substrate, in accordance with one or more embodiments of the
present disclosure.

[0072] Step 172 includes illuminating an illumination area of a surface of a p-n
junction of a semiconductor substrate with light. Step 173 includes measuring a first
junction photovoltage signal from a first area of the surface of the p-n junction with a
first electrode within or proximate to the illumination area. Step 174 includes
measuring a second junction photovoltage signal from a second area of the surface
with a second electrode proximate to the illumination area. Step 175 includes
measuring a third junction photovoltage signal from a third area of the surface of the
p-n junction with a reference electrode outside of the illumination area. Step 176
includes determining a corrected first junction photovoltage signal or a corrected
second junction photovoltage signal with the measured first junction photovoltage
signal, the measured second junction photovoltage signal or the measured third
junction photovoltage signal. Step 177 includes acquiring a first calibration junction
photovoltage signal for the first electrode, a second calibration junction photovoltage
signal for the second electrode or a third calibration junction photovoltage signal for
the reference electrode. Step 178 includes determining a corrected first calibration
junction photovoltage signal or a corrected second calibration junction photovoltage
signal with the acquired first calibration junction photovoltage signal, the acquired
second calibration junction photovoltage signal and/or the acquired third calibration
junction photovoltage signal. Step 179 includes determining a sheet resistance of the
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p-n junction of the semiconductor substrate with the corrected first junction
photovoltage signal, the corrected second junction photovoltage signal, the corrected
first calibration junction photovoltage signal, the corrected second calibration junction
photovoltage signal or the known sheet resistance of the calibration p-n junction.

[0073] FIG. 1K illustrates a flow diagram 180 depicting @ method for contactless
measurement of one or more characteristics of one or more p-n junction layers of a
semiconductor substrate, in accordance with one or more embodiments of the
present disclosure. Step 182 includes illuminating an illumination area of a first
surface of a p-n junction of a semiconductor substrate with light. Step 183 includes
measuring a first junction photovoltage signal from a first area of the first surface of
the p-n junction with a first transparent electrode. Step 184 includes measuring an
additional junction photovoltage signal from an additional area of a second surface of
the p-n junction with a reference electrode. Step 185 includes measuring a first
junction photovoltage calibration signal corresponding with the first transparent
electrode. Step 186 includes measuring an additional junction photovoltage
calibration signal corresponding with the reference electrode. Step 187 includes
determining a sheet resistance of the top layer of the p-n junction with the first
junction photovoltage signal, the additional junction photovoltage signal, the first
junction photovoltage calibration signal, the additional junction photovoltage signal,
the sheet resistance of a substrate of the p-n junction or an effective sheet
resistance of the p-n junction.

[0074] FIGS. 1L-1N illustrate a rectangular illumination and electrode configuration
for measuring one or more JPV signals, in accordance with one or more
embodiments of the present invention. In one embodiment, the illumination unit 141
including illumination source 107 is configured to produce a rectangle-shaped
illumination area 125 on the surface 106 of the p-n junction 103.

[0075] In another embodiment, the first fransparent electrode 110 is configured to
measure a JPV signal from a rectangle-shaped first area of the p-n junction surface
106. In another embodiment, the second electrode 111 is configured to measure a
JPV signal from a second rectangle-shape area of the surface 106 of the p-n junction
103. In one embodiment, the opaque second elecirode 111 (e.9., metal electrode) is
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outside of the illumination area 127 and is proximate to the first transparent electrode
110.

[0o76] In one embodiment, the first transparent electrode 110 is rectangle-shaped.
For example, as shown in FIG. 1M, the electrode 110 has a length, L1, and a width,
2a, and is deposited on a transparent rectangle-shaped plate 127 (e.g., glass, quartz
or sapphire plate) having a length L (where L>L1) and width, 2a. In another
embodiment, the second electrode 111 is oriented parallel to the first transparent
electrode 110 and is a distance, b, from the transparent electrode 110. In addition,
the second electrode 111 has also has a length, L1, and width, 2a. In this regard,
such a configuration may provide one dimensional JPV spreading near the
transparent electrode 110.

[0077] In one embodiment, the illumination area may have a length at least four
times the width of the illumination area. In another embodiment, the measured
rectangle-shaped first area may have a width equal to the illumination area and a
length at least two times smaller than the length of the illumination area. In another
embodiment, the measured reciangle-shaped second area has a length and width
substantially the same as the length and width of the measured rectangle-shaped
first area.

[0078] In another embodiment, the first transparent electrode 110 is optically
coupled to one or more optical fibers 105 having dimensions substantially similar to
the transparent plate 127. In this case, the one or more optical fibers 105 may have
a length of L and a width of 2a, as shown in FIG. 1M.

[0079] In another embodiment, the first transparent electrode 110 includes a
transparent conducting material disposed on the transparent plate 127. For
example, the transparent electrode 110 may include, but is not limited to, a TCO
coating deposited on the transparent electrode 110. For example, the TCO may
include, but is not limited to, a conducting indium-tin-oxide (ITO) coating, an
aluminum dope ZnO coating, an aluminum coating and the like.

[0080] In another embodiment, as shown in FIG. 1L, and described previously
herein, the rectangle-shaped transparent elecirode 110 and rectangle-shaped
opagque electrode 110 may be surrounded by a fourth electrode 122, allowing for the
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determination of the shunt resistance of the p-n junction, as described throughout the
present disclosure.

[0081] In one embodiment, the system 100 may include a first transparent plate 125
and a second transparent plate. It is noted herein that the JPV signal from the
opaque second electrode 111 may be increased by including an identical transparent
plate 125 positioned on the opposite side of the transparent electrode 110 from the
opaque electrode 111, with the second transparent plate 125 being optically coupled
to a bifurcated fiber 105 and the illumination source 107.

[0082] In another embodiment, the rectangle-shaped illumination area 127 may be
oriented such that the length of the rectangle-shaped illumination area 127 is
substantially parallel to a nearest tangent of an edge of the substrate 102.

[0083] FIG. 1N illustrates the electrode configuration with respect to edge 128 of
the substrate 102. In FIG. 1N, c¢ represents the distance between edges of the
illumination area 125a and the illumination image 125b and the substrate edge 128.
it is noted herein that the illumination area 1252 and the illumination area image
125b are symmetrical with respect to the edge 128. It is noted herein that this
mathematical imaging approach may be used for correction of JPV signals in cases
where a JPV probe is near a wafer edge in order to implement edge correction.

[0084] In another embodiment, the controller 121 is configured to adjust a
modulation frequency of the intensity modulated light emitted by the illumination
source 107 to attain an atienuation of the second junction photovoltage signal from
the second rectangle-shaped electrode 111 at or above a selected attenuation levei.
In another embodiment, the controller 121 is configured to determine a sheet
resistance of a top layer of the p-n junction with at least one of the measured first
junction photovoltage signal, the measured second junction photovoltage signal, a
capacitance of the p-n junction or a distance of the rectangle illumination area from
an edge of the semiconductor substrate.

[oosgs] It is further noted that the controller 121 may also apply one or more of the
various calibration, correction, exclusion or shunt resistance calculation procedures
described throughout the present disclosure in the context of the
electrodefillumination configuration of FIGS. 1L-1N.
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[00s6] It is noted herein that system 100 may a rectangular electrode configuration,
as shown in FIG. 1L-IN, to analyze the case where the sheet resistance of the p-n
junction 103 is high. In addition, the rectangular electrode configuration, as shown in
FIG. 1L-1N, may incorporate the edge exclusion correction technique, described
previously herein (e.g., see equations 1-8). In the case where the transparent
electrode 110 and the non-transparent electrode 111 are rectangular in shape, the
magnitudes of JPV signals from transparent electrode 110, Vy, and the non-

transparent electrode 111, Vo, can be expressed as:

sinh{ka)

V; = Gq(1 — R)®oRea [1 -2 o (41)
_ _ exp(—kb)[1-exp(ia)]

Va =G 2q(1 — R)®oRs — s e (42)

[0087] Where Kk is written as:

k = \JRsGpn + 271 RyCpr (43)

i=+—-1 (44)

[0088] Where @y represents the total light flux. Further, the capacitance, Cpp, of p-n
junction is given by:

Eo€s

Cpn === (45)

[0089] Where gand g are the permittivity of vacuum and the permittivity of the
semiconductor material respectively and d is thickness of p-n junction depletion
region. In the case of LED structures d is thickness of active region within the
associated quantum wells. In one embodiment, accurate measuremenis may be
provided via light modulation with high enough frequency to diminish the contribution
of p-n junction conductance below a selected threshold. In another embodiment,
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constants Cs and C,, which depend on the gain of amplification of the preamplifiers
112 and 113, may be calibrated using a signal generator connected to the wafer
chuck 104.

[0090] In another embodiment, an edge exclusion correction may be implemented
utilizing an image approach, as depicted in FIG. 1N. In the case where an edge
exclusion correction is applied, the JPV signals from the transparent electrode 11'0,
Vic and the non-transparent electrode 111, Vac, may be represented by:

_ _ o _Sinh(ka) exp(=2kc)[1—exp(ka)]

Vie = Ciq(l R)CDDRS {a [1 2 kaexp(ka)] + k[1+coth(ka)] } (46)
_ _ exp(—kb)[1-exp(ka)] |, exp(—2kc)[1-exp(ka)]

Vac = €2 2q(1 = R)DoR; { k[1+coth(ka)] + k[1+coth(ka)] } (47)

[0091] In addition, the corrected JPV signals for electrodes 110 and 111 may be
determined using an offset JPV signal, V3, from electrode 116 via the following:

s
Vicor = Vic — S“; Vs (48)

5
Vacor = Vac — ivs (49)

[00921 Where S;, Sz, S; are the areas of electrodes 110, 111 and 116. For
example, in the case of GalnN or AlGalnP LEDs, the capacitance of the p-n junction
is determined by thickness of the undoped active layer, d, and can be determined
again using formula:

Zs€p

Cpn =4 (50)

[0093] In one embodiment, the capacitance of the p-n junction, Cpn, may be
determined using corrected JPV signals Viccor and Vaceor acquire from a calibration

p-n junction having a known sheet resistances Rscs by the following relationships:
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sinh(kea) |, exp(=2kcc)[1-exp(kea)]

Viccor __ Ci1 kaexp(kca)] ™ k[1+coth(kca)|

VacCor  C, exp=kcb)|1-exp(kca)|  exp(-2kcc)|1-exp(kca)l
kcli+coth(kea) k[1+coth(kca)]

kc = ./ znifRSClen (52)

a[i—z

(51)

[0094] Further, the top p-n junction layer sheet resistance Rss of the measured, or
test, p-n junction 103 may be found using the measured capacitance, Cp,, and the
JPV signals Vi, Vay, Vv from the measured p-n junction and the following
relationships:

1-2 sinh(ka) 1, exp(—2k)[1—exp(ka)

Vimeor __ G a[ B kaexp(ka)]' kl1+coth(ka)]

- C—z exp(—kb){1—exp(ka)] | exp(—2kc)[1—exp(ka)] (53)
kli+coth(ka)] k[1+coth(ka)l

VaMcor

k = 2R R51Cpm (54)

[0095] Where Vimcor, Vaucor represent the corrected photovoltage signals from (48)
and (49) described previously herein.

[oo9s] FIG. 10 illusirates a flow diagram 190 depicting a method for contactless
measurement of one or more characteristics of one or more p-n junctions with a
rectangular illumination area, in accordance with one or more embodiments of the
present invention. Step 192 includes illuminating a rectangle-shaped illumination
area of a surface of a p-n junction with intensity modulated light at a modulation
frequency. Step 193 includes. measuring a first junction photovoltage signal from a
rectangular-shaped first area of the surface of the p-n junction within the rectangle-
shaped illumination area with a first transparent electrode. Siep 194 includes
measuring a second junction photovoltage signal from a rectangle-shaped second
area of the surface of the p-n junction with a second electrode outside and laterally
proximate to the illumination area. Step 195 includes adjusting the modulation
frequency of the intensity modulated light to attain an attenuation of the second
junction photovoltage signal at or above a selected attenuation level. Step 196
includes determining a sheet resistance of a top layer of the p-n junction with the
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measured first junction photovoltage signal, the measured second junction
photovoltage signal, a capacitance of the p-n junction or a distance of the rectangle
illumination area from an edge of the semiconductor substrate.

[0097] FIGS. 2A-C illustrate the system 100 equipped with a lens 202 to form a
ring-type illumination area, in accordance with one or more embodiments of the
present disclosure. In one embodiment, as shown in FIG. 2A, the lens 202 is
configured to couple the output of the illumination source 107 fo the surface 106 of
the p-n junction 103. In another embodiment, the use of one or more opaque
electrodes 111 serves to form one or more shadowed areas A2 within the one or
more illumination areas A1 of the first surface of the p-n junction 103. In another
embodiment, the use of one or more transparent electrodes 110 serves to form one
or more illumination areas A1 on the first surface of the p-n junction 103. In another
embodiment, the ring-type illumination area(s) may be formed between the opaque
electrode(s) 111 and the opaque surrounding electrode 122 (described previously
herein).

[0098] i is noted herein that such a configuration is useful in carrying out non-
contact sheet resistance measurements on layers with very large sheet resistance,
such as, but not limited io, p-GaN layers.

[0099] In one embodiment, the one or more illumination areas A1 encompass the
one or more shadowed areas A2. In one or more embodiments, some of the one or
more shadowed areas A2 may encompass one or more illumination areas A1l. In
another embodiment, the one or more illumination areas A1 include a first
illumination area and a second illumination, where the second illumination area
surrounds the first illumination area. In another embodiment, a shadowed area is
located between the first illumination area and the second illumination. It is noted
herein that the various illumination area/shadowed area configurations may be
implemented via a corresponding transparent electrode 110 (e.g., TCO coated
transparent subsirate)/opaque electrode 111 (e.g., metal electrode) arrangement.

[0o100] In one embodiment, as shown in FIG. 2B, an opaque disk-shaped electrode
111 is surrounded by a transparent ring-shaped electrode 110. Further, a ring-
shaped third electrode 122 may surround both electrodes 110 and 111. For example,
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as shown in FIG. 2B, the opaque disk-shaped electrode 111 may have a radius ro,
while the surrounding ring-shaped electrode 110 has an inner radius of ry and an
outer radius of r, and the additional opaque electrode 122 (for detecting the JPV
signal outside of the illumination area) has an outer radius rs, where ro<ri<rz<rs.

[00101] In one embodiment, as shown in FIG. 2C, an opaque ring-shaped electrode
111 is located between a first transparent ring-shaped electrode 110A and a second
disc-shaped electrode 110B. Again, a ring-shaped third electrode 122 may surround
the electrodes 110A, 110B and 111. For example, as shown in FIG. 2C, the
transparent disk-shaped electrode 110B may have a radius ro, the surrounding ring-
shaped opaque electrode 111 has an inner radius of ry and an outer radius of rg, the
outer transparent ring-shaped electrode 110A has an inner radius of rz and an outer
radius of r4 and the additional opaque electrode 122 has an outer radius rs, where

o< <locl3<ra<rs.

[00102] It is further noted that the controller 121 may also apply one or more of the
various calibration, correction, edge exclusion, or shunt resistance calculation
procedures described throughout the present disclosure in the context of the
electrodefillumination configuration of FIGS. 2A-2C.

[00103] In another embodiment, the controller 121 may utilize one or more
measurements from the first JPV measurement unit 142 including one or more
transparent electrodes 110, the second JPV measurement unit 143 including one or
more opague electrodes 111, the additional JPV measurement unit 145 including
one or more opaque electrodes 122 to determine one or more characteristics of the
p-n junction 103. Various characteristics determined utilizing the JPV measurements
are described further herein.

[00104) FIG. 2D illustrates a graph 220 of the frequency dependence of the sum of
the JPV signals from the electrodes 110, 111 and 122 for different radii of electrode
122 (Rei=rs), in accordance with one or more embodiments of the present
disclosure. The curves 221-223 were derived assuming a p-n junction capacitance
per unit area of Cppn = 107 F/om? a p-n junction shunt resistance of Rsy=10" ohm
cm?, a p-type layer 106 sheet resistance Rs of 5*10°0Ohm/sq, which are typical for
GaN LED structures. See, e.g., S.W. Lee, et al, Appl. Phys. Lett., 89, 132117, 2006;
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C.H.Cuo, et al, IEEE Electron. Dev. Lett., 23, 240, 2002. In simulating curves 221-
223 it was assumed that light beam radius rp = 0.35 ¢m and the wafer radius Ry
=7.5 cm. Curve 221 represents the sum of the signals Vs, as a function of light
modulating frequency for an electrode radius Rg =0.35. Curve 222 corresponds to
an electrode radius of Rz=1 cm and curve 223 corresponds to an electrode radius
of Re. =8 cm. The dotted line 224 represents the cutoff frequency F¢=0.12Hz for
curve 223.

[00105] FIG. 2E illustrates a graph 225 of the simulated two dimensional (2D) JPV
transient (decay in logarithmic scale) of sum Vsuwm signals from electrodes 110, 111,
122 as function of outer radius of electrode 122 Rg. =rs following a short light
impulse, in accordance with one or more embodiments of the present invention. The
curves 226-229 were derived assuming a p-n junction capacitance per unit area of
Cpn =107 F/cm?, a p-n junction shunt resistance of Rsy=107 ohm cm?, a p-type layer
106 sheet resistance Rs of 5%10°0Ohm/sq, which, again, are typical for GaN LED
structures. In simulating curves 226-229 it was assumed that light beam radius rp =
0.35 cm and the wafer radius Rw =7.5 cm. Curve 226 represents the Vg transient
measured by electrodes 110, 111 and 122 for an electrode radius Rg. =1 cm. Curve
227 corresponds to an electrode radius of Rg. =3 cm. Curve 228 corresponds o an
electrode radius Rg; =5 cm and curve 229 corresponds to an electrode radius of R
=8 cm, which coincides with the one-dimensional simulation.

[00106] It is noted herein that with equations (1-8) the magnitudes of JPV signals
from transparent ring electrode 110, V4, and non- transparent disc electrode 111, V>
for associated with the embodiment of system 100 depicted in FIGS. 2A-2C (useiul
in high sheet resistance measurement) are given by:

V. = ¢, EL-R)PoRs [1 a2 {7111 (kr) [y Ky (kry) — 1Ky (erp)] }] (55)
T e r=rf (41 Ky (krp) [y 1y (k) — o0 (k)]
V, =06 M’hﬁ (kro) [ro Ky (k) — 1Ky (k)] (56)

(D)
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[00107] Where

k = /RsGpy + 2mif RsCppy (57)
lo(z), 11(z), are modified Bessel functions of the first kind;
Ko(z), K1(z) are modified Bessel functions of the second kind;

@y is the total light flux.

[00108] Capacitance of p-n junction can be determined using formula:

__ Eofs

Con = " (58)

[00109] Where &, & are permittivity of vacuum and the semiconductor material and
d is thickness of p-n junction depletion region. In the case of LED structures, d is
again the thickness of the active region within quantum wells. It is noted herein that
to improve the accuracy of measurement the light modulation frequency should be
high enough to diminish contribution of p-n junction conductance to a selected level
and constants Cy and Cs, which, again, depend on the gain of amplification of the
preamplifiers 114 and 115 should be calibrated using signal generator 119 and
switch 210.

[00110] In the case of the probe configuration depicted in Fig. 2C, additional
relationships may be used. In this case, based on equations (1-8), the magnitudes of
the JPV signals from transparent electrodes 110A and 110B, V= Vit Viya + Vit
V3z, and the opaque electrode 111, Vo=Vt Vo, is provided by:

V. =C q(1-R)PoRs [1 _ 2 {7”1[1 (kry)[r Ky (kry) — 1Ko (k)] }] (59)
1 ! K2 -2 (41K (k) [y 11 (k) — 1oLy (k)]
Vi = Gy R (o) [y Ky (kers) — 73Ky (kery)] (60)
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2g(1—R)DyRs

Vo =Gy B Iy (Jerg) [ Ky (k) — 1K (k)] | (61)
Vaz = G2 %1(;—%;5 [rsKy (kry) — roKy (kre)l[rply (kerp) — iy (k)] (62)
Va1 =G5 %ﬁ) I (ko) [ Ky (krs) — ra Ky (kry)] (63)
Vp = Gy T=R024Re 11 — 21, (k) K, Ckery)] (64)

[00111] Where &, and @y are light fluxes directed from ring 110A and disk 110B

electrodes onto wafer 102.

[00112] In the case where G,,<<22fC,.,, sheet resistance of the top layer 106 can
be determined by the controller 121 using measured JPV signals V4, V,, capacitance
of p-n junction (58) and formulas (55) and (56) for the electrode configuration
depicted at FIG. 2B or (59)-(64) for the electrode configuration depicted in FIG. 2C
and (57).

[00113] In addition, a calibration procedure can be used to determine the p-n
junction capacitance. This procedure includes the measurement of Vi, Vaoc for a
calibration wafer with known sheet resistance Rsc and the calculation of the p-n
junction capacitance using (55) and (56) for electrode configuration depicted in Fig.
2B or (59)-(64) for electrode configuration depicted at Fig. 2C and (57). Assuming
that thickness d of p-n junction depletion region, and, thus, the capacitance of p-n
junctions, are the same for measured wafers, the capacitance value can be used for
calculation of sheet resistance of measured layers 106.

[00114] In addition, corrected JPV signals for JPV signal from electrodes 110 and
111 can be calculated using offset JPV signal from electrode 106, V3, and formulas:

S,
Vicor = Vic — §V3 (65)

s
Vacor = Voo — gi'Vz (66)

[00115] Where S4, So, Sz are the areas of electrodes 110, 111 and 116.
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[00116] In the case of GaInN or AlGainP LEDs, capacitance of pn junction is again
determined by thickness of the undoped active layer, d, and can be determined
using formula:

&gt
Con == (67)

[00117] Where & and & are the permittivity of semiconductor material and vacuum.
The capacitance of the p-n junction, Cpn, can be determined using corrected JPV
signals Viccon, Voccor measured on a calibration p-n junction with known sheet

resistances Rscts and the following relationships:

Viccor __

Vaccor

2
o {r1f1 (o) [roKy (eory ) -7 Ky (kerp )4 Ky (o) [ 1y (ko) —r2 1y (ke ero) 1}
57T

Toly(kerodlraK (ke ) =1 Ky (ker2)]

1-

c

C: (TZZ r]‘.?)
(68)

ke = 2mif Roc1 Cpn (69)

[00118] Based on the measured capacitance, Cps, and the measured JPV signals on
tested p-n junction Vim, Voum, Vi, the sheet resistances Rss can be determined using
the following:

ViMcor —_
VaMmcor

2‘#‘;;%‘[1’111 Cery ) r Ky (ery 1o Ky (e D14 Ky (e Mg 1y Cerg ) ~12 13 (k) 1}

Yol (Rro)lra Ky (kg )-r Ky (kre)]

c 1-
C; (]22 '12)

k = JZif Rs1Cpn (71)
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[00119] Where Vimcorn Vomcor represent corrected photovoltages based on formulas
(65) and (66).

[00120] According to formula (57), in the case where conductance of the p-n junction
is large (Gp.n>2afCp.p), then p-n junction conductance G,., should be measured for
accurate measurements of sheet resistance. Gp, should may then be used in
formula (57) to calculate Rs using equations (68) and (70). In this case, the
procedure may also include measurement of p-n junction conductance. As it will be
shown below, p-n junction conductance can be accurately measured using
frequency dependent JPV or pulse illumination and transient approaches using a
large JPV probe that covers the spreading JPV area. This procedure may utilized the
measurement of the sum of JPV signals from all electrodes 110, 111, 122 (Fig. 1A-
2C), Vsuu= V1 V2 +V3 (where V3 is from the outer electrode 122), at |east at two
different frequencies (or by analyzing the tangent of the decay signal of the sum of
the JPV signals Vsuy from all electrodes under impulse illumination).

[00121] As shown at FIG. 2D, depicting simulated curves 221, 222 and 223, an
increase of electrode radius rsleads to increased dependence of the quantity Vsum(f)
on light modulating frequency and leads to the appearance of a clear cut-off
frequency fc, 224 when rs=Rg >Rw ,where Ry is radius of wafer 102. In the case
where radius rs of electrode 122 is larger than radius Rw of wafer 102 {rs>Rw ), the
JPV signal as function of light modulating frequency f is:

(1-R)® (1-R)® ‘
IVSUM (f, Cpnr Gpn)' = d 02 =4 " > (72)
Gpnjl+4”2f Pleg '“f /2

[00122] Where cut-off frequency, fc= Gp-n/(27Cp.n). Using the measured sum of JPV

signals Vsumr and Vsuume at frequencies f; and £ and formula (19) the p-n junction
conductance can be determined as:

2 172 212
Gy, = zncpn\jfz Vsumz—fi Vsum (73)

2 F
Viumi—Viumz
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[00423] Junction conductance may also be determined using the system 100 and
measurements of the sum of the JPV transient Vsuu(f) under light impulse. As shown
in FIG. 2E, in the case where the diameter of electrode is larger than diameter of
wafer, the JPV decay, in logarithmic scale 229, is determined by a one-dimensional
solution. If Re. < Rw (curves 226, 227 and 228) the initial part of decay (at low f<ty )
is also determined by a one dimensional solution and Gp-n=Rsy”, but if t>ty decay
also depends on sheet resistance Rs. If the diameter of electrode is lower than
diameter of the wafer, then Rsy can be determined from the slope B of tangent 229
Tan(t)=A+ B(t-fp) to curves Vsum(t) 227 and 228 in logarithmic scale crossing initial
value JPV decay at t=0:

1

Rgy = —
SH = 3o

(74)

[00124] The tangent method and formula (74) may also be used for mapping of
shunt resistance and p-n junction conductance with spatial resolution not limited by
the electrode dimensions.

[00125] Sheet resistance of a top p-type Mg doped layer of different GaN LED
structures before and after anneal has been measured. Typical values of sheet
resistance of such layer of annealed wafers were found to be in the range 0.2*10°
Ohm/sq - 10° Ohm/sq and about 10" Ohm/sq for unannealed wafers.

[00126] FIG. 2F illustrates a flow diagram depicting a method 230 for contactless
measurement of one or more characteristics of one or more p-n junctions, in
accordance with one or more embodiments of the present invention. Step 232
includes illuminating one or more illumination areas of a first surface of a p-n junction
of a semiconductor substrate with intensity modulated light at a modulation
frequency. Step 233 includes forming one or more shadowed areas within the one or
more illumination areas of the first surface of the p-n junction. Step 234 includes
measuring a first junction photovoltage signal from a first area and/or an additional
area of the first surface of the p-n junction within the illumination area with a first
transparent electrode and/or an additional transparent electrode. Step 235 includes
measuring a second junction photovoltage signal from a second area of the first
surface of the p-n junction within a shadowed area of the first surface of the p-n
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junction with a second opaque electrode, the second opaque electrode surrounded
by at least the first transparent electrode. Step 236 includes determining a sheet
resistance of a top layer of the p-n junction or a shunt resistance of the p-n junction
with the measured first junction photovoltage signal, the measured second junction
photovoltage signal or a depletion width of the p-n junction.

[00127] FIG. 2G illustrates a flow diagram depicting a method 240 for contactless
measurement of one or more characteristics of one or more p-n junctions, in
accordance with one or more embodiments of the present invention. Step 241
includes illuminating one or more illumination areas of a first surface of a p-n
junction with intensity modulated light at a first modulation frequency Step 242
includes forming one or more shadowed areas within the one or more illumination
areas of the first surface of the p-n junction. Step 243 includes measuring, at the first
modulation frequency, a first junction photovoltage signal from one or more first
areas within the one or more illumination areas with one or more transparent
electrodes. Step 244 includes measuring, at the first modulation frequency, a second
junction photovoltage signal from one or more second areas within the one or more
shadowed areas with one or more opaque electrodes. Step 245 includes measuring,
at the first modulation frequency, a third junction photovoltage signal from one or
more third areas of the first surface of the p-n junction outside of the one or more
illumination areas with one or more third electrodes. Step 246 includes illuminating
the one or more illumination areas of a surface of the first surface of the p-n junction
with intensity modulated light at a second modulation frequency. Step 247 includes
measuring, at the second modulation frequency, an additional first junction
photovoltage signal from the one or more first areas within the one or more
ilumination areas with the one or more transparent electrodes. Step 248 includes
measuring, at the second modulation frequency, an additional second junction
photovoltage signal from the one or more second areas with one or more opaque
electrodes. Step 249 includes measuring, at the second modulation frequency, an
additional third junction photovoltage signal from the one or more third areas with the
one or more third elecirodes. Step 250 includes determining a sheet resistance of a
top layer of the p-n junction.
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[00128] FIG. 2H illustrates a flow diagram depicting a method 260 for contactless
measurement of one or more characteristics of one or more p-n junctions, in
accordance with one or more embodiments of the present invention. Step 261
includes illuminating one or more illumination areas of a first surface of a p-n junction
with intensity modulated light at a modulation frequency. Step 262 includes forming
one or more shadowed areas within the one or more illumination areas of the first
surface of the p-n junction. Step 263 includes measuring a first junction photovoltage
signal from one or more first areas within the one or more illumination areas with one
or more transparent electrodes. Step 264 includes measuring a second junction
photovoltage signal from one or more second areas within the one or more
shadowed areas with one or more opaque electrodes. Step 265 includes measuring
a third junction photovoltage signal from one or more third areas of the first surface
of the p-n junction outside of the one or more illumination areas with one or more
third electrodes. Step 266 includes illuminating the one or more illumination areas of
the first surface of the p-n junction with pulsed light. Step 267 includes measuring a
decay curve of a sum of an additional pulse-induced first junction photovoltage signal
from the one or more first areas, an additional pulse-induced second junction
photovoltage signal from the one or more second areas and an additional pulse-
induced third junction photovoltage signal from the one or more third areas. Step 268
includes determining a p-n junction conductance based on the measured decay
curve. Step 269 includes determining a sheet resistance of a top layer of the p-n
junction.

[00129] FIG. 2| illustrates a flow diagram depicting a method 270 for contactless
measurement of one or more characteristics of one or more p-n junctions, in
accordance with one or more embodiments of the present invention. Step 271
includes illuminating one or more illumination areas of a first surface of a p-n junction
with intensity modulated light at a first modulation frequency. Step 272 includes
forming one or more shadowed areas within the one or more illumination areas of
the first surface of the p-n junction. Step 273 includes measuring, at the first
modulation frequency, a first junction photovoltage signal from one or more first
areas within the one or more illumination areas with one or more transparent
electrodes. Step 274 includes measuring, at the first modulation frequency, a
second junction photovoltage signal from one or more second areas of the first
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surface of the p-n junction outside of the one or more illumination areas with one' or
more second electrodes. Step 275 includes measuring, at the first modulation
frequency, a third junction photovoltage signal irom one or more third areas of the
first surface of the p-n junction outside of the one or more illumination areas with one
or more third electrodes. Step 276 includes illuminating the one or more illumination
areas of the first surface of the p-n junction with intensity modulated light at a second
modulation frequency. Step 277 includes measuring, at the second modulation
frequency, an additional first junction photovoltage signal from the one or more first
areas with one or more transparent electrodes. Step 278 includes measuring, at the
second modulation frequency, an additional second junction photovoltage signal
from the one or more second areas with one or more second electrodes. Step 279
includes measuring, at the second modulation frequency, an additional third junction
photovoltage signal from the one or more third areas with one or more third
electrodes. Step 280 includes determining a shunt resistance of the p-n junction.
Step 281 includes determining a sheet resistance of a top layer of the p-n junction.

[00130] FIG. 2J illustrates a flow diagram depicting a method 230 for contactless
measurement of one or more characteristics of one or more p-n junctions, in
accordance with one or more embodiments of the present invention. Step 291
includes illuminating one or more illumination areas of a first surface of a p-n junction
with intensify modulated light at a modulation frequency. Step 292 includes
measuring a first junction photovoltage signal from one or more first areas within the
one or more illumination areas with one or maore transparent electrodes. Step 293
includes measuring a second junction photovoltage signal from one or more second
areas of the first surface of the p-n junction outside of the one or more illumination
areas with one or more second electrodes. Step 294 includes measuring a third
junction photovoltage signal from one or more third areas of the first surface of the p-
n junction outside of the one or more illumination areas with one or more third
electrodes. Step 295 includes illuminating the one or more illumination areas of the
first surface of the p-n junction with pulsed light. Step 296 includes measuring a
decay curve of a sum of an additional puise-induced first junction photovoltage signal
from the one or more first areas, an additional pulse-induced second junction
photovoitage signal from the one or more second areas or an additional pulse-
induced third junction photovoltage signal from the one or more third areas. Step
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297 includes determining a p-n junction conductance based on the measured decay
curve. Step 298 includes determining a sheet resistance of a top layer of the p-n
junction

[00131] FIGS. 3A-3C illustrates a system 300 for non-contact measurement of one
or more characteristics of one or more p-n junctions, in accordance with one or more
embodiments of the present invention. For example, system 300 may be utilized to
measure conductance, leakage current or shunt resistance Ry, of a p-n junction 102,
It is noted herein that the previous description with respect to the various
embodiments, processes and components associated with system 100 (and the
related methods) should be interpreted to extend to system 300, unless otherwise
noted.

[00132] In one embodiment, the system 300 includes a grounded chuck 104 suitable
for securing the substrate 102, as described previously herein. In another
embodiment, the system 300 includes a JPV measurement unit 301 includes a
transparent electrode 302. In ancther embodiment, the transparent electrode 302 is
positioned proximate to the semiconductor wafer 102 including a doped layer 106
having sheet resistance, Rg1.

[00133] In another embodiment, the transparent electrode is optically coupled
through a fiber bundle 105 (or lens) with the illumination source 107 (e.g., LED or
laser diode). In another embodiment, the illumination source 107 is coupled to an
ilumination source drive 108 (e.g., LED driver). In another embodiment, a signal
generator 109 is used to supply a modulated or pulsed signal to the illumination
source driver 108. In another embodiment, fiber bundle 105 (or lens) and light
source 107 are actuatable in in the x- and y-directions. In one embodiment, the
system 300 includes two linear stages to provide linear motion along both the x- and
y-directions (e.g., linear scanning). In another example, the system 300 includes a
rotational stage and a linear stage to provide motion control along r, 6 directions
(e.g., spiral scanning). In this regard, the system 300 may scan the wafer 102 at
multiple points across the wafer 102, thereby forming a map of the p-n junction
conductance. This process is particularly useful as it allows for the generation of a
conductance map without movement of the electrode 302 and the wafer 102.

52



WO 2015/058130 PCT/US2014/061212

[00134] In another embodiment, the chuck 104 is actuatable in x- and y-directions to
provide measurements at different spots of wafer 102, allowing the system 300 fo
map the p-n junction conductance of the wafer 102. In another embodiment, the
electrode 302 is connected a preamplifier 303, which is coupled to a signal
demodulator or pulse transient detector 305, as described previously herein. In
another embodiment, the generator 109 and the demodulator 305 are
communicatively coupled to the controiler 121, as described previously herein.

[00135] In another embodiment, the system 300 includes a generator and electrical
switch, as described previously herein, may include a generator and electrical
switch, which selectably connects the chuck 104 to electrical ground or the signal
generator. In another embodiment, the system 300 may include an additional
ransparent electrode 304, which is conducting and grounded so as to diminish
parasitic electrical signals. In one embodiment, the electrode 302 and electrode 304
may include a conducting TCO coatings, such as, but not limited to, ITO or Al:ZnO
coatings, disposed on the bottom and top surfaces of a transparent plate (e.g., glass,
quariz or sapphire plate) (i.e., one conductive coating on each side of a single plate).
In another embodiment, the electrode 302 and the electrode 304 may be formed on
separate transparent plates. The transparent electrode 302 and/or transparent
electrode 304 may take on any shape known in the art, such as, but not limited to, a
disc shape, a square shape, a rectangle shape, an oval shape, a ring shape, a
polygon and the like.

[00136] FIG. 3B-3C depict a set of non-limiting JPV probe dimensions with respect to
wafer diameter and sample dimensions, in accordance with one or more
embodiments of the present disclosure. For example, as shown in FIG. 3B, the
electrode radius Rg, of the transparent electrode 302 is larger than the radius, rg, of
the light beam 125 (i.e., illumination area) and smaller than the radius, Rw of the
wafer 102. By way of another example, as shown in FIG. 3C, the electrode radius
Rg. of the transparent electrode 302 is larger than both the radius, rp, of the light
beam 125 and the radius, Rw of the wafer 102.

[00137] FIGS. 3D-3F illustrate the system 300 for non-contact measurement of one
or more characteristics of one or more p-n junctions equipped with a vibrating
electrode 302, in accordance with one or more embodiments of the present
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invention. In one embodiment, the lens 105 of system 300 is larger than the
electrode 302, which provides for straightiorward measurement of the JPV signal
inside of the illumination area. In one embodiment, the electrode 302 is configured to
vibrate in the z-direction. In this regard, the electrode can operate in a Kelvin probe
configuration, providing dc measurements of surface potential.

[00138] FIGS. 3E and 3F depict a set of non-limiting JPV probe dimensions with
respect to wafer diameter and sample dimensions, in accordance with one or more
embodiments of the present disclosure. For example, as shown in FIG. 3E, the
electrode radius ReL of the transparent electrode 302 is smaller than the radius, ro, of
the light beam 125 (i.e., illumination area) and smaller than the radius, Rw, of the
wafer 102. By way of another example, as shown in FIG. 3F, the electrode radius
ReL of the transparent electrode 302 is smaller than both the radius, ro, of the light
beam 125 and the radius, ro, of the light beam is larger than the radius, Rw, of the
wafer 102.

[00139] FIG. 3G illustrates the system 300 for non-contact measurement of one or
more characteristics of one or more p-n junctions including one or more rotatable
mirrors 309, in accordance with one or more embodiments of the present invention.
In one embodiment, the system 300 includes one or more rotatable mirrors 308
arranged so as to provide scanning of the illumination beam 125 across the surface
106 of the wafer 102, For example, the rotatable mirrors 309 may be controlled by
the controller 121 so as to scan the beam 125 in a selected pattern in the x- and y-
directions, allowing the system 300 to map the conduction of the p-n junction 103 as
a function of x- and y-positions.

[00140] FIG. 3H illustrates the system 300 for non-contact measurement of one or
more characteristics of one or more p-n junctions including a large opaqgue electrode
302 with a set of optical fiber pass throughs 105a-105c, in accordance with one or
more embodiments of the present invention. In one embodiment, the opaque
electrode 302 is larger electrode diameter is larger than the wafer diameter. For
example, the opaque electrode 302 may take on any shape known in the art, such
as, but not limited to, a disk-shape, a square-shape, a rectangle-shape, an oval-
shape, a polygon-shape and the like. In another embodiment, the system 300
includes a set of optical fibers 107a-107c, where each of the set of optical fibers is
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couple to one of the set of illumination sources 107a-107c (e.g., set of LED, laser
diodes and the like). Further, the output of each of the set of optical fibers 107a-
107¢ is coupled to the semiconductor structure 102. It is noted herein that the
configuration of FIG. 3H may provide measurement of p-n junction conductance at
multiple points (e.g., 5 or more) on the wafer 102 by switching the illumination
sources 107a-107c.

[00141] FIG. 3l depicts a top view of the opaque electrode 302 with five optical fibers
105a-105e. It is noted herein that it is contemplated that the embodiment depicted in
FIG. 3H may include 5 or more optical fibers and 5 or more illumination sources. ltis
noted herein that the sideview of FIG. 3H depicts only 3 fibers and sources for
purposes of clarity. In another embodiment, the system 300 may include an
additional opague electrode 304 for diminishing parasitic electrical signals.

[00142] The basis of the measurement of the p-n junction conductance or shunt
resistance is the use of photo-excitation of excess carriers in the p-n junction 103 of
wafer 102 and the subsequent monitoring of the JPV signals V() at least at two light
modulating frequencies =f; and f=f> or the JPV fransient responsive to pulsed light,
V(t), with a large transparent electrode 302 (e.g., see FIG.3A).

[00143] Using equations (1-8) the magnitudes of JPV signal from transparent
electrode 302 as a function of frequency f for an electrode with radius Re. smaller
than wafer radius, Ry, is given by:

@ k
V(f: RS} Cpnl Gpn) - C q_(l—m{l 2 REL 11 (krg) [Kl (kREL) - I:l((k‘:W)) 11 (kREL)]}

(75)
[00144] Where

D, = [{ g, (x, y)dxdy (76)
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[00145] Where Io(z), /4(z}, are again the modified Bessel function of the first kind;
Ko(z), K1(z) are the modified Bessel function of the second kind; &y is the total light

flux.

[00146] If Abs(k’)<< Ry the signal may be determined using the simplified
relationship:

V(f,Rs, Cons Gpm) = € T2 [1 — 2 888 , (k) 6, (kR )] (77)

[00147] The p-n junction conductance can be determined using JPV signals Vi and
Vi measured at different frequencies fyand £, the sheet resistance Rs, substrate
(absorber) doping Na, formulas (75) or (77) and equations:

V(fL.Rs.ConGpn) _ Vi,
V(f2.R5.ConGpn)  Vy,

(78)

q%29esNa

2(Eg —len(:—Z))

C. =

pn (79)

[00148] Where Na represents substrate doping, Nv is the density of states in the
conduction band, £y band gap, and & ,&p are again the permittivity of vacuum and
the semiconductor. In the case of p-i-n structures (e.g., GaN LED structures),

Con=é&s&p/ d where d is the thickness of / active layer.

[00149] In the case where the electrode is large and kRg.>>1, when the electrode is
covering the JPV area (or Re.>Rw ), the formulas (9) and (11) will be similar fo the
one dimensional case:

q(1-R)Pq
Gpn+27if Cpn

V(f: Cpn: Gpn) = (80)
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q(1-R)ydy

Cin
Gpn |1+4n2 f2 /
Pn Gfm

|V(f: Cpns Gpn)l = (81)

[00150] In this case, the frequency dependence V(f) is similar to the dimensional
case and can be described using a cut off frequency fe=Gpn/(22Cpn). As shown in
FIG. 2A, (curves 221, 222 and 223) an increase of the electrode radius leads to an
increase in the dependence of JPV V() on the light modulating frequency and the
appearance of a clear cut-off frequency fo, 224. When Rg > Ry this behavior is
similar to one dimensional case described by formulas (14) and (15) above. If Rg <
Rwthe formulas (80) or (81) may be used for calculation of Rsh.

[001511 When Re. > Rw, the p-n junction conductance can be calculated using
formula JPV signals V; and V; at frequencies f; and 2 and formula:

Rgy = 1 vEi-v?
277—'Cpn fzz sz_flz Vlz

(82)

[00152] Junction conductance, and thus shunt resistance, may be determined using
the system 300 and measurements of the JPV transient through the application of
the light impulse defined by: &=0 if {<0 and t>f; and &=ay if O<i<fy. Where 1 is the

duration of impulse.

[00153] In the event the electrode covers the JPV area, an entire p-n junction or
wafer, then based on the Ostrogradski-Gauss theorem and equation (1):

2 82 a
01 G+ 50) dxdy = §52dl = 0 (83)
Con 2+ GynV — q(1 = RIN® = 0 (84)
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[00154] Where

vie) = [[vix y,tydedy (85)
Yy

[00155] Where S and [ are the area and perimeter respectively, of electrode, and n is

the vector perpendicular to the perimeter of electrode.

[00156] The solution of equation (84) provides:

V(e)=Vo[t—exp(=5)] if O<t<to (86)

V(t) =V, [1 —exp (— E—f')] exp (— t_t") if t>t, (87)

T

poisn  Where =Cpn/Gpn, Vo=q(1-R)n@oGpn , fo is the duration of the light impulse.

[00158] As shown at FIG. 2E, in the case where the diameter of the electrode is
larger than the diameter of the wafer, the JPV decay is in the logarithmic scale 229
and is determined by the one-dimensional solution (87). If Re. < Rw (e.g., curves
227, 228) then the initial part of decay (at low t<ty ) is determined by the one
dimensional solution (87) and Rsy, but if £>fy then the decay also depends the sheet
resistance Rs. If diameter of electrode is lower than diameter of wafer JPV the Rgy
can be determined from the slope B of the tangent 229 Tan(t)=A+ B(t-fp) to curves
JPV(t) 227 and 228 crossing the initial value JPV(t=0):

1
Rep =
SH = Bem

(88)

[00159] This tangent method and formula (87) may also be used for mapping the p-n
junction conductance with spatial resolution not limited by the electrode dimensions.
For example, as shown in FIG. 3J, for Rei=7cm the tangent to the 2D simulated
equation curve 346 for the wafer with lower shunt resistance in the middle 1 cm area
of the wafer coincides with one dimensional decay 348, which corresponds to the
local shunt resistance Rsy=0.25*10° Ohm*cm?.
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[00160] FIG. 3K illustrates a spatial resolution similar to the configurations depicted
in FIGS. 3D-3F with small electrode Rz=0.35cm and large illumination area covering
wafer rp>Ry. As shown in FIG. 3K, the tangent to 2D simulated equation (1) curve
354 for the wafer with lower shunt resistance in the middle 1cm area of the wafer
coincides with one dimensional decay 356, which corresponds to the local shunt
resistance Rsy=0.25*10° Ohm*em® A wafer with uniform Rsy=10" Ohm*cm? JPV

decay coincides with one the dimensional case, correspond to curve 352.

[00161] The sheet resistance of a top p-type Mg doped layer of different GaN LED
structures has been measured before and after annealing. Typical values of the
sheet resistance of the layer of annealed wafers was found to be in the range
0.2*10° Ohm/sq - 10° Ohm/sq and approximately 107 Ohm/sq for unannealed
wafers.

[ooi62] FIG. 3L depicts a graph 360 illustrating examples of experimental JPV
In(V(t) transient curves 362, 364, 366 and 368 of four GalnN wafers. Utilizing the
tangent lines 361, 363, 365, 367 to the curves 362, 364, 366 and 368 as well as an
assumed capacitance value of Cp,=107 Ficm? and formula (88), shunt resistance of
the wafers was measured, providing the following: Rsx=0.42*10° Ohm*cm? for curve
362, Rsi=0.645*10° Ohm*em? for curve 364, Rsy=1.14*10° Ohm*cm? for curve 366
and Rsy=1.96*10° Ohm*cm? for curve 368.

[00163] FIG. 3M illustrates a flow diagram 370 depicting a method for determining
conduction in a p-n junction, in accordance with one or more embodiment to the
present disclosure. Step 372 includes illuminating one or more illumination areas of a.
first surface of a p-n junction with intensity modulated light at a first modulation
frequency, the intensity sufficient {o establish a substantially linear relationship
between a junction photovoltage signal and the associated light flux. Step 373
includes measuring, at the first modulation frequency, a first junction photovoltage
signal from one or more first areas covering the one or more illumination areas with
one or more transparent electrodes. Step 374 includes illuminating one or more
illumination areas of a first surface of a p-n junction of a semiconductor substrate
with intensity modulated light at a second modulation frequency. Step 375 includes
measuring, at the second modulation frequency, an additional first junction
photovoltage signal from the one or more first areas with the one or more
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transparent electrodes. Step 376 includes determining a p-n junction conductance
with the first junction photovoltage signal, the additional first junction photovoltage
signal, a sheet resistance of a top layer of the p-n junction or a capacitance of the p-
n junction.

[oo164] FIG. 3N illustrates a flow diagram 380 depicting a method for determining
conduction in a p-n junction, in accordance with one or more embodiment to the
present disclosure. Step 380 includes illuminating one or more illumination areas of
a first surface of a p-n junction with pulsed light, the intensity sufficient to establish a
substantially linear relationship between a junction photovoltage signal and the
associated light flux. Step 382 includes measuring a decay fransient of a first
junction photovoltage signal from one or more first areas covering the one or more
illumination areas of the first surface of the p-n junction with one or more transparent
electrodes. Step 386 includes determining a p-n junction conductance with the
measured decay transient of the first junction photovoltage signal or a capacitance of
the p-n junction.

[00165] It is further recognized that the controller 121 may execute one or more
steps of any of the various methods described throughout the present disclosure. In
this regard, the methods disclosed may be implemented as a set of program
instructions. Further, it is understood that the specific order or hierarchy of steps in
the methods disclosed are examples of exemplary approaches. Based upon design
preferences, it is understood that the specific order or hierarchy of steps in the
method can be rearranged while remaining within the scope and spirit of the
disclosure. The accompanying method claims present elements of the various steps
in a sample order, and are not necessarily meant to be limited to the specific order or
hierarchy presented

[00166] In one embodiment, the controller 121 includes one or more processors and
memory (e.g., non-transitory memory). The one or more processors of controller 121
may include any one or more processing elements known in the art. In general, the
term “processor” may be broadly defined to encompass any device having one or
more processing elements, which execute program instructions from a non-transitory
memory medium. The one or more processors may include any microprocessor-type
device configured to execute software algorithms and/or program instructions. in

60



WO 2015/058130 PCT/US2014/061212

one embodiment, the one or more processors may include any one of a deskiop
computer, mainframe computer system, workstation, image computer, parallel
processor, or other computer system (e.g., networked computer) configured to
execute a set of program instructions configured to operate the systems 100 and/or
600, as described throughout the present disclosure. It should be recognized that the
steps described throughout the present disclosure may be carried out by a single
controller or, alternatively, multiple controllers. The memory may include any
storage medium known in the art suitable for storing program instructions executable
by the associated one or more processors of controller 121. For example, the
memory may include, but is not limited fo, a read-only memory, a random access
memory, a magnetic or optical memory device (e.g., disk), a magnetic tape, a solid
state drive and the like. In another embodiment, it is noted herein that the memory is
configured to store one or more resuits from the one or more of the various sub-
systems of system 100 and/or system 600. In another embodiment, the memory
may be located remotely with respect to the physical location of the processors and
controller 121. For instance, the one or more processors of controller 121 may
access a remote memory (e.g., server), accessible through a network (e.g., internet,
intranet and the like).

001671 All of the methods described herein may include storing results of one or
more steps of the method embodimenis in a storage medium. The results may
include any of the results described herein and may be stored in any manner known
in the art. The storage medium may include any storage medium described herein or
any other suitable storage medium known in the art. After the resuits have been
stored, the results can be accessed in the storage medium and used by any of the
method or system embodiments described herein, formatted for display to a user,
used by another software module, method, or system, etc. Furthermore, the results

"

may be stored “permanently,” “semi-permanently,” temporarily, or for some period of
time. For example, the storage medium may be random access memory (RAM), and

the results may not necessarily persist indefinitely in the storage medium.

[oo168] It is further contemplated that each of the embodiments of the method
described above may include any other step(s) of any other method(s) described
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herein. In addition, each of the embodiments of the method described above may be
performed by any of the systems described herein.

[00169]1 Those having skill in the art will appreciate that there are various vehicles by
which processes and/or systems and/or other technologies described herein can be
effected (e.g., hardware, software, and/or firmware), and that the preferred vehicle
will vary with the context in which the procesées andfor systems and/or other
technologies are deployed. For example, if an implementer determines that speed
and accuracy are paramount, the implementer may opt for a mainly hardware and/or
firmware vehicle; alternatively, if flexibility is paramount, the implementer may opt for
a mainly software implementation; or, yet again alternatively, the implementer may
opt for some combination of hardware, software, and/or firmware. Hence, there are
several possible vehicles by which the processes and/or devices and/or other
technologies described herein may be effected, none of which is inherently superior
to the other in that any vehicle to be utilized is a choice dependent upon the context
in which the vehicle will be deployed and the specific concerns (e.g., speed,
flexibility, or predictability) of the implementer, any of which may vary. Those skilled
in the art will recognize that optical aspecis of implementations will typically employ
optically-oriented hardware, software, and or firmware.

[00170] It is believed that the present disclosure and many of its attendant
advantages will be understood by the foregoing description, and it will be apparent
that various changes may be made in the form, construction and arrangement of the
components without departing from the disclosed subject matter or without
sacrificing all of its material advantages. The form described is merely explanatory,
and it is the intention of the following claims to encompass and include such
changes. Furthermore, it is to be understood that the invention is defined by the
appended claims.

62



CLAIMS

1. An apparatus for contactless measurement of one or
more characteristics of one or more p-n junction layers of a
semiconductor subsirate comprising:

an illumination unit including an illumination source for
illuminating an illumination area of a first surface of
semiconductor substrate including a p-n junction with
light including at least one of intensity modulated light
or pulsed light;

a first junction photovoltage measurement unit including
at least a first electrode positioned proximate to the first
surface of the p-n junction, the first electrode position
within the illumination area or at least laterally proxi-
mate to the illumination area;

a second junction photovoltage measurement unit includ-
ing at least a second electrode positioned proximate to
the first surface of the p-n junction, the second elec-
trode laterally positioned proximate to the first elec-
trode;

a third junction photovoltage measurement unit including
at least a reference electrode positioned proximate to
the first surface of the p-n junction, the reference
electrode laterally positioned outside of the illumina-
tion area;

a controller communicatively coupled to at least one of
the first junction photovoltage measurement unit, the
second junction photovoltage measurement unit or the
third junction photovoltage unit, the controller config-
ured to:
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receive a first junction photovoltage signal for the p-n
junction and a first calibration junction photovoltage
signal for a calibration p-n junction from the first
junction photovoltage measurement unit;

receive a second junction photovoltage signal for the p-n
junction and a second calibration junction photovoltage
signal for the calibration p-n junction from the second
junction photovoltage measurement unit;

receive a third junction photovoltage signal for the p-n
junction and a third calibration junction photovoltage
signal for the calibration p-n junction from the third
junction photovoltage measurement unit;

determine at least one of a corrected first junction pho-
tovoltage signal or a corrected second junction photo-

voltage signal with at least one of the received first
junction photovoltage signal, the received second junc-
tion photovoltage signal or the received third junction
photovoltage signal from the reference electrode,
wherein the corrected first junction photovoltage signal
is determined as a function of the first junction photo-
voltage signal from the first electrode and the third
Junction photovoltage from the reference electrode,
wherein the corrected second junction photovoltage
signal is determined as a function of the second pho-
tovoltage from the second electrode and the third
junction photovoltage from the reference electrode;

determine at least one of a corrected first calibration
junction photovoltage signal or a corrected second
calibration junction photovoltage signal with at least
one of the received first calibration junction photovolt-
age signal, the received second calibration junction
photovoltage signal or the received third calibration
junction photovoltage signal; and
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determine a sheet resistance of the p-n junction of the
semiconductor substrate with at least one of the cor-
rected first junction photovoltage signal, the corrected
second junction photovoltage signal, the corrected first
calibration junction photovoltage signal, the corrected
second calibration junction photovoltage signal or the
known sheet resistance of the calibration p-n junction.

2. The apparatus of claim 1, wherein the first electrode is
a fransparent electrode positioned within the illumination
area, wherein the first electrode is configured to transmit
illumination from the illumination source to the first surface
of the p-n junction.

3. The apparatus of claim 2, wherein the first electrode
comprises:

a transparent conducting oxide (TCO) coating disposed

on a transparent substrate.

4. The apparatus of claim 3, wherein the transparent
substrate comprises:

at least one of a quartz, sapphire or glass substrate.

5. The apparatus of claim 1, wherein the first electrode is
an opaque electrode positioned outside and proximate to the
illumination area.

6. The apparatus of claim 5, wherein the first electrode is
arranged concentrically with the illumination area.

7. The apparatus of claim 1, wherein the second electrode
is an opaque electrode p051t10ned outside of the illumination
area and proximate to the first electrode.

8. The apparatus of claim 7, wherein the second electrode
is arranged concentrically with the first electrode.

9. The apparatus of claim 1, further comprising;:

a grounded electrode surrounding at least one of the first

electrode or the second electrode.
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10. The apparatus of claim 1, wherein the reference
electrode is an opaque electrode positioned outside the
illumination area, the reference electrode at a greater dis-
tance from the illumination area than at least one of the first
electrode or the second electrode.

11. The apparatus of claim 10, further comprising:

a grounded electrode surrounding the reference electrode.

12. The apparatus of claim 1, wherein the first surface of
the p-n junction comprises:

a front surface of the p-n junction.

13. The apparatus of claim 1, further comprising:

a fourth junction photovoltage measurement unit includ-
ing a fourth electrode coextensive with a fourth area of
the first surface of the p-n junction, the fourth electrode
surrounding at least one of the first electrode or the
second electrode.

14. The apparatus of claim 13, wherein the controller is

further configured to:

receive a fourth junction photovoltage signal for the
fourth area of the surface of p-n junction from the
fourth electrode encompassing at least one of first
electrode or the second electrode; and

summing the first junction photovoltage, the second junc-

~ tion photovoltage and the fourth junction photovoltage
to form a summed junction photovoltage signal.

15. The apparatus of claim 14, wherein the controller is
further configured to:

determine a shunt resistance of the p-n junction based on
the frequency dependence of the summed junction
photovoltage signal.
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16. The apparatus of claim 14, wherein the controller is
further configured to:
determine a shunt resistance of the p-n junction based on
the decay of the summed junction photovoltage signal
generated via pulsed light.
17. The apparatus of claim 13, wherein at least one of the
first junction photovoltage measurement unit, the second

junction photovoltage measurement unit, the third junction
photovoltage measurement unit or the fourth junction pho-
tovoltage measurement unit further includes:

one or more signal processing elements.

18. The apparatus of claim 1, wherein the illumination
SOUrce Comprises:

an illumination source configured to emit light modulated

at a selected modulation frequency.

19. The apparatus of claim 1, wherein the illumination
source comprises:

an illumination source configured to emit pulsed light of

a selected magnitude and pulse duration.

20. The apparatus of claim 1, wherein the illumination
source comprises:

at least one of a light emitting diode, a laser, a flash lamp

or a shuttered lamp.

21. The apparatus of claim 1, wherein the illumination
unit includes one or more optical fiber bundles arranged to
optically couple the output of the illumination source to the
illumination area of the first surface of the p-n junction.
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