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OPTIMIZED WAVELENGTH PHOTON EMISSION MICROSCOPE FOR VLSI DEVICES
RELATED APPLICATIONS

[0001] The present application claims priority benefit from U.S. Provisional Application
Serial Number 61/810,645, filed on April 10, 2013, the disclosure of which is incorporated herein in

its entirety.

FIELD

[0002] The present application belongs to the ficld of Photon Emission microscopy.
BACKGROUND

[0003] Backside Photon Emission Microscopy (PEM) is commonly used for circuit

diagnostics and analyses of VLSI (Very-Large-Scale Integration) devices (chips). The premise of
PEM is that individual logic gates within a VLSI circuit emit “Hot Carrier” (HC) photons when
switching states. These photons are generally in the Infrared (IR) part of the spectrum, and since
Silicon is transparent at these wavelengths, it is possible to observe the circuit (Device Under Test,

or DUT) in action through its back side (the substrate side, opposite to the metal layer side)

[0004] Cameras (detector arrays) sensitive across the IR range are readily available, with
frequency response shown in Figure 1. Commonly, MCT cameras (Mercury Cadmium Telluride,
HgCdTe) are used for this purpose since their response is uniform across a wide slice of the
spectrum extending up to LWIR (about 18um). Other types of detectors such as MOS CCD, Indium

Antimonide (InSb) or Indium-Gallium-Arsenide (InGaAs) are also commonly used.

[0005] The spectral characteristic of the emissions from the semiconductor gates depends on
many factors, such as excitation voltage, defect type and fabrication technology. A significant part
of the emission lies in wavelengths beyond the traditional threshold of 1.55um (commonly observed

by InGaAs cameras operating at liquid Nitrogen temperature).

[0006] For common VLSI devices, however, the HC emissions are very faint, and since the

amount of noise originating in thermal emissions (which follows the black body radiation spectral
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distribution) increases with wavelength, it interferes more with observations at these longer

wavelengths.

[0007] In each band of the spectrum, therefore, are present both HC emissions from the
DUT, which constitute the signal, and thermally-originated emissions, from both the DUT and the
optics of the microscope, which contribute to the noise. Having a large signal-to-noise ratio (SNR)

is important for achieving good observations.

[0008] The faint HC emissions also cause the exposure times to be as long as hundreds of
seconds, which complicates the observation. One way to shorten such exposure times is to increase

the SNR.

[0009] Some existing designs limit the range of observation to 1.5 um (which coincides with
the sensitivity of InGaAs cameras) and since thermal noise is rather weak at these wavelengths,

such a system works great for devices operating voltage above 800mV.

[0010] For such wavelengths, passive designs are used to mitigate thermal noise that
originates outside of the nominal optical path of the microscope, but they cannot completely
eliminate it, nor can they eliminate thermal noise that originates within the optical path. In prior art
systems, a relay lens is placed between the objective and the detector, and a cold aperture is placed
between the relay lens and the detector in a position corresponding to the image location of the
aperture of the objective, as imaged by the relay lens. This arrangement minimizes stray thermal
radiation that is emitted by the body of the camera. For further information the reader is referred to,

¢.g., US Patent 6,825,978,
SUMMARY

[0011] The following summary of the invention is included in order to provide a basic
understanding of some aspects and features of the invention. This summary is not an extensive
overview of the invention and as such it is not intended to particularly identify key or critical
elements of the invention or to delineate the scope of the invention. Its sole purpose is to present
some concepts of the invention in a simplified form as a prelude to the more detailed description

that is presented below.
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[0012] Described herein are aspects of a camera which adaptively selects an optimal
wavelength for observation of a VLSI device, by inserting an appropriate filter in the optical path.
The wavelength is optimized according to criteria such as maximizing the SNR, or a combination of
high SNR and high resolution (which biases the optimization towards shorter wavelengths). The
cameras may also have multiple swappable objective lenses and multiple cold apertures, and the
position and size of the cold aperture has to be adjusted according to each objective lens. This can

be achieved by having multiple apertures on a selector wheel.

[0013] While previous art already describes the introduction of a filter in the optical path, it
does not do so in an adaptive manner and with consideration to maximizing SNR. Since the optical
signal from the VLSI device is very faint, such filters traditionally have a wide bandwidth, in order

to allow more light in, and thus shorten the required exposure times.

[0014] According to disclosed aspects, a set of short pass filters is used, and different
shortpass filter is selected according to the type of device being investigated and the voltage applied
to the device (A shortpass (SP) filter is an optical interference or colored glass filter that attenuates
longer wavelengths and transmits (passes) shorter wavelengths over the active range of the target
spectrum). In order to do that, however, the system first needs to characterize the SNR across the
possible observation spectrum. The disclosed embodiments enable investigation of recent VLSI
technology of devices that exhibit HC emissions in longer wavelengths, with a useful signal as high

as 3 um.

[0015] Since the HC photon emissions depend both on inherent characteristics of the DUT
and on operating parameters such as voltage and temperatures, the optimal filter selection vary from

device to device, and so it may not be practical to pre-determine it.

[0016] According to one embodiment, an optical system for imaging a semiconductor
device is provided, the system comprising: a bench for mounting the semiconductor device; an
optical arrangement defining optical path; a detector sensitive to electromagnetic radiation having
wavelengths of at least from 1000nm to 2200nm; a plurality of shortpass optical filters with high
blocking capabilities beyond their cut-off wavelength; a selector for selectively placing one of said
filters within said optical path; and, a controller connected to said detector and to said selector, the

controller configured to selectively operate in a calibration mode and in a test mode, and wherein:
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during calibration mode the controller operates the selector to successively insert one of said filters
within said optical path as the controller records emission signal received by the detector, and once
all of said filters have been placed within said optical path the controller operates to compare the
signal-to-noise ratio of the output of said detector for each of said filter; and, during test mode the
controller operates said selector to insert one of the filter having the best signal-to-noise ratio for a
selected test voltage, Vdd, into the optical path while the controller records emission signal received

by the detector.

[0017] According to another embodiment, a method for emission testing of a semiconductor
device (DUT) is provided, comprising the steps of: mounting the DUT onto an test bench of an
emission tester, the emission tester having an optical detector; electrically connecting the DUT to an
electrical tester; applying electrical test signals to the DUT while keeping test parameters constant;
serially inserting one of a plurality of shortpass filters into an optical path of the emission tester and
collecting emission test signal from the optical detector until all available shortpass filters have been
inserted into the optical path; determining appropriate shortpass filter providing highest signal to
noise ratio of the emission signal; inserting the appropriate shortpass filter into the optical path; and,
performing emission testing on the DUT. The method may further include changing voltage Vdd
and selecting a different shortpass filter and thereafter performing a second emission testing of the

DUT.

[0018] According to further embodiment, a method for emission testing of a semiconductor
device (DUT) is provided, comprising: providing an electrical tester capable of inducing state
changes in gates of said DUT; providing an emission tester having an optical system to image
emissions from the DUT onto a photodetector; providing a plurality of shortpass filters serially
insertable into optical path of the optical system; stimulating the DUT using said electrical tester;
serially collecting optical emissions from said DUT through each of the filters, while keeping all
test parameters constant; measuring signal to noise ratio (SNR) of the optical emission collected
through each filter; selecting one filter that maximizes the SNR;

stimulating said DUT using the electrical tester; and collecting optical emissions from said DUT

through the one filter.
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DESCRIPTION OF THE DRAWINGS

[0019] The accompanying drawings, which are incorporated in and constitute a part of this
specification, exemplify the embodiments of the present invention and, together with the
description, serve to explain and illustrate principles of the invention. The drawings are intended to
illustrate major features of the exemplary embodiments in a diagrammatic manner. The drawings
are not intended to depict every feature of actual embodiments nor relative dimensions of the

depicted elements, and are not drawn to scale.

[0020] Figure 1: Response function of various camera sensor technologies.
[0021] Figure 2: Camera with multiple filters and adaptive controller.
[0022] Figure 3: Camera with multiple objectives, multiple short-pass filters, and multiple

cold apertures, removable relay lens.

[0023] Figure 4 illustrates a flow chart of a process according to one embodiment.
[0024] Figure 5 illustrates a flow chart of a method according to one embodiment.
[0025] Figure 6 is a plot showing transmission of an SP1800 shortpass filter.
DETAILED DESCRIPTION

[0026] Described herein are aspects of a camera which adaptively selects an optimal

wavelength for observation of a VLSI device, by inserting an appropriate short pass filter in the
optical path. The wavelength is optimized according to criteria such as maximizing the SNR, or a
combination of high SNR and high resolution (which biases the optimization towards shorter

wavelengths), so as to obtain the best emission image for a given device under test (DUT).

[0027] While previous art already describes the introduction of a wide-band filter in the
optical path, it does not do so in an adaptive manner and with consideration to maximizing SNR.
Since the optical signal from the VLSI device is very faint, such filters traditionally have a wide

bandwidth, in order to allow more light in, and thus shorten the required exposure times.

[0028] Conversely, disclosed embodiments use a shortpass filter, since even though the total
amount of light passing the filter is smaller, the high SNR still gives shorter exposure times as it

matches the specific emission wavelength of the DUT and the applied voltage. In some
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embodiments, the system first needs to characterize the SNR across the possible observation

spectrum.

[0029] Since the HC photon emissions depend both on inherent characteristics of the DUT
and on operating parameters such as voltage and temperatures, the optimal filter selection can vary

from device to device, and so it may not be practical to pre-determine it.

[0030] Described herein are aspects of a microscope which adaptively selects an optimal
bandwidth for observation of a VLSI device, by inserting an appropriate filter in the optical path.
The method includes steps to determine the best shortpass filter so as to obtain the best emission

image from each specific DUT at each specific applied voltage, e.g., Vdd.

[0031] Aspects of the invention incorporate a method for emission microscopy of a DUT,
utilizing an emission microscope having the camera whose embodiment is described in Figure 2.
The camera includes an electronic detector array [21] located within a thermal enclosure [22] and
connected to a controller [23]. Also within the thermal enclosure are a cold aperture [24], a filter
selector wheel [25] with several short pass filters [25a,25b...]. The rest of the optical path includes
a relay lens [26] and an objective lens [27]. The controller is also connected to the filter selector
wheel [25]. A tester [28], e.g., an Automated Testing Equipment (ATE), is used to supply the DUT
[29] with a stimulation signal to induce it to operate and change state. The ATE stimulation signal
includes a signal at a given voltage Vdd. Different voltages cause the emission to have different

wavelengths, so the filter wheel is used to select the best short pass filter according to the emission.

[0032] The camera in this embodiment uses an MCT (Mercury Cadmium Telluride,
HgCdTe) detector array since it has a favorable (uniform and wide) response across the short and
medium IR spectrum, but other types of detectors (e.g. InGaAs, extended InGaAs or InSb) can also

be used.

[0033] In the aspects of the invention described herein, when operating, the controller

operates in one of two modes.

[0034] “Characterization” or calibration mode: In this mode the controller uses the tester to

create a test signal which creates a robust emission from the DUT. The controller then aggregates
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multiple measurements from the detector array (enough to form a statistical base measurement),
comparing the times when the DUT is both active and inactive, to find the noise floor level of the
system. In finding this level, the controller can aggregate and compare measurements from multiple
pixels. The controller repeats this process while using different short pass filters, and so can tabulate

the SNR for each filter and select the optimal filter.

[0035] “Observation” or test mode: In this mode the controller switches to the optimal filter,

and uses the tester to run the real-life test vectors to observe the DUT.

[0036] In some embodiments, the objective lens [27] has a flat front surface and its index of
refraction matches that of the substrate of the DUT, so that it can be used in contact with the DUT,
increasing the numerical aperture of the camera. A lens like this is called a solid immersion lens

(SIL), and it can operate together with a standard collection objective lens.

[0037] In some embodiments, the camera features several interchangeable objective lenses,
typically mounted on a rotary turret. One of the objective lenses can be a Macro lens, which by its
nature is larger in diameter and requires a larger relay lens. In such a situation, it becomes
advantageous to not use the relay lens configuration while using the macro lens, and so install the

relay lens on a mount that allows it to be removed from the optical path.

[0038] Figure 3 depicts an embodiment of this invention. The detector [32] and short pass
filter selector [30] are unchanged from the previous embodiment. A turret [34] carries multiple
objective lenses [34a,34b,34c]. One of the lenses [34a] is a macro lens and is larger than the other
lenses which are micro lenses. The relay lens [33] is mounted on a pivot or slide which allows it to
be moved to a position [33a] outside the optical path, which is done when the macro lens [34a] is in
use. An aperture wheel [31] contains several cold apertures [31a] of different sizes, each matching

one of the objective lenses. The optical axis [35] is indicated by the horizontal dashed line.

[0039] The DUT 39 is mounted onto a bench 36. The bench 36 may include temperature
control mechanism to maintain the DUT at constant temperature during testing. Such mechanism
may include, for example, thermo-electric cooler (TEC), spray cooler, etc. The DUT received test
signals (vectors), including voltage Vdd, from a tester 38 (e.g., ATE). Tester ATE may be a

standard testing equipment and is not part of the emission detection system. Controller 37 is
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configured to control the operation of the emission tester. Controller 37 may be programmed to
operate the short pass filter selector 30 and the collection of emission signal from the optical

detector 32.

[0040] Figure 4 illustrates a flow chart of a process according to one embodiment. In step
40, an objective lens is selected from the available objective lenses. In one embodiment, this step
includes the landing of a SIL on the DUT to collect emission form the area of interest. Also, in
some embodiments this step includes the selection of corresponding cold filter. In step 41 a first
filter, among a plurality of short pass filters, is selected. In one embodiment, each short pass filter
has a cut-off frequency at different wavelength, enabling coverage in the wavelengths from about
1200nm to about 2200nm. Each short pass filter has an upper cut-off wavelength that practically
eliminates any transmission above its cut off, thus avoiding noise above the selected cut off
frequency. In an alternative embodiment, the short pass filters may be replaced by narrow-band
filters, wherein each narrow-band filter has a bandwidth of about 100nm, and the available filters
are distributed to cover frequencies in the wavelengths from about 1200nm to about 2200nm.
However, shortpass filters enable more signal to pass than bandpass filters, so it is preferable to use
short pass filters. Also, since the thermal background emission and its associated noise are both
increasing with wavelength, using short pass filters instead of bandpass filters efficiently cuts off
these deleterious effects, while enabling higher signal levels to pass at wavelengths lower than the

cut off.

[0041] According to one embodiment, four short pass filters are used. In one example the
short pass filters used are SP1550 (which is used to mimic an InGaAs camera — i.c., cuts off longer
wavelengths that a standard InGaAs sensor cannot detect, but any of the other detectors, such as
HgCdTe or extended InGaAs can detect), SP1800, SP1900, and SP2000. Each short pass filter
transmits everything below the specified cut off, but blocks transmission above the specified cut off.
For example, SP1800 transmits everything below, but blocks everything above 1800nm, as shown
in Figure 6. Since the detector itself only absorbs light above 900nm, the system is effectively

capturing light from 900nm to 1800nm in the example of SP1800.

[0042] In step 42, a test vector is applied to the DUT, while holding all parameters constant.
Importantly, the temperature of the DUT and the voltage Vdd should be held constant, while at step
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43 emission signal is collected and stored. Then, in step 44 it is determined whether there are more
filters to test and, if so, the process reverts to step 41 wherein the next filter is selected. Then, the
same test vectors are applied to the DUT and, while keeping all parameters constant, another set of
emission signal is collected and stored. When at step 44 it is determined that all filters have been
tested, the process proceeds to step 45 to determine the best filter to use for the actual emission
testing of the DUT. According to one embodiment, in this step the detected emission and noise are
quantified against each of the filters used. In one specific embodiment this is done by plotting
signal to noise ratio against wavelength. An example of such a plot is depicted in Figure 5. In the
example of Figure 5, the test outlined above was repeated for all available filters and for different
Vdd (each series of test having Vdd held constant). Then, for the actual emission test, it is
determined what filter to use according to the best SNR and the voltage Vdd that is going to be used
in the emission test. In the example of Figure 5, it is shown that a lower Vdd results in shorter
wavelength emission, so that a shorter wavelength filter may be used for the lower Vdd, while a
longer wavelength filter may be used for the higher Vdd. On the other hand, other testing with
different devices have shown that such behavior is not typical, and when testing devices which
operate at the mV range, i.c., below 1 volt, the behavior is reversed, i.¢., lower Vdd produces
emission and longer wavelengths, thus requiring a longer wavelength filter for best SNR.
Therefore, this test should be performed for each new device tested. The standard emission test is

then performed at step 46 using the appropriately selected shortpass filter.

[0043] The present invention has been described in relation to particular examples, which
are intended in all respects to be illustrative rather than restrictive. Those skilled in the art will
appreciate that many different combinations of hardware, software, and firmware will be suitable
for practicing the present invention. Moreover, other implementations of the invention will be
apparent to those skilled in the art from consideration of the specification and practice of the
invention disclosed herein. It is intended that the specification and examples be considered as
exemplary only, with a true scope and spirit of the invention being indicated by the following

claims.
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What is Claimed Is:

1. An optical system for imaging a semiconductor device, said system comprising:

a bench for mounting the semiconductor device;

an optical arrangement defining optical path;

a detector sensitive to electromagnetic radiation having wavelengths of at least from 1000nm
to 2200nm;

a plurality of shortpass optical filters with high blocking capabilities beyond their cut-off
wavelength;

a selector for selectively placing one of said filters within said optical path; and,

a controller connected to said detector and to said selector, the controller configured to
selectively operate in a calibration mode and in a test mode, and wherein:

during calibration mode the controller operates the selector to successively insert one of said
filters within said optical path as the controller records emission signal received by the detector, and
once all of said filters have been placed within said optical path the controller operates to compare
the signal-to-noise ratio of the output of said detector for each of said filter; and,

during test mode the controller operates said selector to insert one of the filter having the best
signal-to-noise ratio for a selected test voltage, Vdd, into the optical path while the controller

records emission signal received by the detector.

2. The system of claim 1, wherein the controller is further configured to generate a plot of signal-

to-noise ratio versus wavelength.

3. The system of claim 2, wherein the controller is further configured to generate one plot of

signal-to-noise ratio versus wavelength for each of a plurality of test voltages Vdd.

4.  The system of claim 1, wherein said shortpass filters comprise at least four shrtpass filters

having cutoff at 1550nm, 1800nm, 1900, and 2000nm.

5. The system of claim 1, wherein said shortpass filters provide spectrum coverage of

wavelengths from 900nm to 2200nm.
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The system of claim 1, wherein the optical arrangement comprises a solid immersion lens.

The system of claim 6, wherein the optical arrangement further comprises a collection

objective lens and a relay lens.

The system of claim 7, wherein the relay lens is configured to be selectively inserted into and

removed from the optical path.

The system of claim 7, wherein the optical arrangement further comprises a plurality of cold

apertures.

The system of claim 1, further comprising temperature control mechanism keeping the
semiconductor device mounted to the bench at a constant temperature during the calibration

mode.

A method for emission testing of a semiconductor device (DUT), comprising the steps of:
mounting the DUT onto an test bench of an emission tester, the emission tester having an
optical detector;

electrically connecting the DUT to an electrical tester;

applying electrical test signals to the DUT while keeping test parameters constant;

serially inserting one of a plurality of shortpass filters into an optical path of the emission

tester and collecting emission test signal from the optical detector until all available shortpass

filters have been inserted into the optical path;

determining appropriate shortpass filter providing highest signal to noise ratio of the emission

signal;

12.

inserting the appropriate shortpass filter into the optical path;

performing emission testing on the DUT.

The method of claim 11, wherein each shortpass filter is selected to have a cutoff wavelength

selected from 1550nm, 1800nm, 1900nm and 2000nm.
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The method of claim 12, wherein the shortpass filters are selected to provide spectrum

coverage of wavelengths from 900nm to 2200nm.

The method of claim 11, wherein determining appropriate shortpass filter comprises

generating a plot of signal-to-noise ratio versus wavelength.

The method of claim 11, further comprising prior to determining appropriate shortpass filter,
performing the steps:

setting a new voltage Vdd and applying electrical test signals to the DUT at the new voltage
Vdd while keeping test parameters constant;

serially inserting one of a plurality of shortpass filters into an optical path of the emission
tester and collecting emission test signal from the optical detector until all available shortpass

filters have been inserted into the optical path.

The method of claim 15, further comprising generate one plot of signal-to-noise ratio versus

wavelength for each of a plurality of test voltages Vdd.

The method of claim 11, wherein keeping test parameters constant comprises keeping

temperature of the DUT constant.

The method of claim 11, wherein keeping test parameters constant comprises keeping voltage

Vdd of the DUT constant.

A method for emission testing of a semiconductor device (DUT), comprising:

providing an electrical tester capable of inducing state changes in gates of said DUT;
providing an emission tester having an optical system to image emissions from the DUT onto
a photodetector;

providing a plurality of shortpass filters serially insertable into optical path of the optical
System;

stimulating the DUT using said electrical tester;
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serially collecting optical emissions from said DUT through each of the filters, while keeping
all test parameters constant;

measuring signal to noise ratio (SNR) of the optical emission collected through each filter;
selecting one filter that maximizes the SNR;

stimulating said DUT using the electrical tester;

collecting optical emissions from said DUT through the one filter.

The method of claim 19, further comprising prior to selecting the one filter, performing the
steps:

setting a new voltage Vdd and applying electrical test signals to the DUT at the new voltage
Vdd while keeping test parameters constant;

serially collecting optical emissions from said DUT through each of the filters, while keeping

all test parameters constant.



