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HIGH PERFORMANCE CCD-BASED THERMOREFLECTAN CE
IMAGING USING STOCHASTIC RESONANCE

Related Applications

This application claims priority to a provisional application entitled “High
Performance CCD-based Thermoreflectance Imaging Using Stochastic Resonance”
having a Serial No. 60/661,832, which was filed on March 15, 2005 and is herein

incorporated by reference.

Background
The present invention relates generally to systems and methods for digital signal

processing, and in particular to systems and methods that are suitable for performing
thermoreflectance measurements with enhanced spatial and temperature resolutions.

Themoreflectance is a well-established non-contact method for measuring
temperature distributions on a variety of different sample types. In the past decade,
thermal imaging (as opposed to single point measurements) has become increasingly
popular. As a result, different ways to achieve this goal have been published. There is a
consensus in the recent literature (as recent as January 2005) that the quantization limit
of an n-bit CCD, typically utilized for detecting reflected photons in thermoreflectance
measurements, limits the detectable change in the reflectivity, and therefore seemingly
limits the temperature resolution of the measurements.

In many thermoreflectance measurement systems, as well as in a variety of other
systems, analog to digital conversion (ADC) is employed to convert an analog signal
(i.e., allowing floating point results) into a digital one (i.e., only using integer numbers).
The smallest digital unit is known as the least significant bit (LSB), or, in the language
of signal conversion, the code. The code, when combined with the analog-digital
conversion factor, yields the smallest detectable (analog) signal change, also called the
code width. It is well established that for single channel ADC, a method known as
“oversampling and averaging” can increase the effective number of bits of the ADC.

Devices based on this principle are commonly known as “ <A ADC”, “sigma delta

ADC” or a similar nomenclature.
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Conventional thermoreflectance systems and methods, however, suffer from a
number of shortcomings. For example, the spatial resolution achieved by conventional
infrared imagers operating based on black-body emission is typically limited to ~5
microns while the temperature resolution of such systems is in a range of few hundred
mK to 1K.

Hence there exists a need for enhanced methods and systems of digital signal
processing. There is also a need for such methods and systems that allow performing

thermoreflectance measurements with improved spatial and temperature resolution.

Summary
In one aspect, the present invention provides a thermoreflectance apparatus that

can combine a high spatial resolution, for example, a resolution in a range of about 200
nanometers to about 1 micron (e.g., 250 nm), with high temperature resolution. For
example, the temperature resolution can be in a range of about 1 milliKelvin (mK) to
about 1 K (one Kelvin), and preferably better than about 10 mK, e.g., in a range of about
1 mK to about 10 mK. By way of example, such enhanced temperature resolutions can
be achieved in a thermoreflectance system according to the teachings of the invention by
modulating the sample’s temperature and iterating signal acquisition over a much larger
number of periods than utilized in conventional thermoreflectance techniques.
Moreover, it has been discovered that “noise induced threshold crossing” (also known as
“stochastic resonance”) can be utilized in a multi-threshold imaging system, such as
ADC or CCD, to detect signals smaller that the code width associated with the imaging
system. For example, in some embodiments, in each period of the temperature
modulation, four reflectance images can be acquired, and the acquisition of such images
can be repeated for about 10° to about 2x10° periods of the temperature modulation to
obtain a temperature resolution of about 10 mK or better (the total number of acquired
images is then in a range of about 4x10° to about 8x10%). In this manner, the effective
number of bits of a digital detector (e.g., a CCD) utilized for detecting photons from an
illuminated sample can be increased.

In a related aspect, the invention provides a method of performing
thermoreflectance measurements that includes utilizing a digital imaging system to

detect a number of images of radiation reflected from a surface of a sample in response
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to an illuminating radiation while applying a temperature modulation to the sample. For
example, a map of relative change in reflectivity of the sample surface can then be
derived based on the acquired images. The number of the acquired images is selected to
be sufficiently large, e.g., on the order of 106, to ensure that the signal-to-noise ratio of
the measured reflectivity signal is within a pre-determined limit appropriate to the
specific application. Preferably, the number of iterations ranges from about 10> to about
108, and more preferably from about 10* to about 107, While in some embodiments,
four images are acquired per iteration, in other embodiments, a different number of
images per iteration can be obtained.

In a related aspect, in the above method of performing thermoreflectance
measurements, a digital lock-in technique is employed for acquiring the images. By way
of example, a digital lock-in technique commonly known as the four-bucket lock-in
technique can be utilized to acquire the images.

In another aspect, a method of performing thermoreflectance measurements is
disclosed that includes modulating the temperature of a sample at a selected modulation
frequency (f) while illuminating a portion of the sample with radiation having one or
more selected wavelength components (e.g., wavelength of a few hundred nanometers).
A digital imaging system having a plurality of pixels is utilized to detect radiation
reflected from the sample in response to the illumination in order to generate reflectance
images of the sample. The imaging system is triggered to obtain a selected number of
reflectance images in one period of the temperature modulation. A map of relative
change in reflectivity of the sample can be calculated from the images and the step of
acquiring the reflectance images can be iterated over a sufficient number of periods of
the temperature modulation so as-to obtain an uncertainty in the calculated relative
reflectivity such that signals smaller than a code width of the digital imaging system can
be detected.

In a related aspect, in the above method, the uncertainty in the calculated relative
change in reflectance per pixel can be less than about 10, 10%and preferably less than
about 107,
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In another aspect, the iterating step in the above method is performed over least
about 10° periods of the temperature modulation, or over at least about 10%, 10°, or 10°
periods of the temperature modulation.

In a related aspect, the above method of performing thermoreflectance
measurements calls for obtaining four reflectance images within each period of the
temperature modulation. The respective images in a plurality of modulation periods can

be summed to obtain a signal I in accordance with the following relation:

4i+k)I

L(x,y)= ﬁ:K—;— r”k;l)z[c (%, y)+A(x,y) cos(wt +®(x, )+ LP)] dtj +d(x, y)J

ke{1,2,3,4}

In this equation ¢ represents the time independent component of the signal,

A is the amplitude of the modulated component of the signal, d is the noise present

prior to quantization, AR/R is the intensity of the thermoreflectance signal, ¢ represents
the phase of the temperature modulation, N is the number of iterations, @ is frequency
of modulation, T is the period of modulation and ¥ is an arbitrary uniform phase offset.

In another aspect, the number of iterations N is selected to be sufficiently large
such that the smallest measurable thermoreflectance signal (AR/R) can be less than a
code width of a digital detector utilized to acquire the images.

In a related aspect, in the above method of performing thermoreflectance
measurements, a map of relative temperature change of the sample is calculated based
on the measured relative reflectance-change map. The relative temperature modulation
map can exhibit a temperature resolution in a range of about 1 mK to about 1 K, or more
preferably in range of about 1 mK to about 10 mK. Further, the temperature
modulation map can exhibit a spatial resolution in a range of about 200 nanometers to
about 1 micron, or in a range of about 200 nm to about 500 nm, or more preferably in a
range of about 200 nm to about 300 nm.

In other aspects, the present invention provides methods for predicting the
uncertainty in the measurements of a modulated signal based on the number of

measurement iterations and selected characteristics of the measurement system. By way
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of example, in one aspect, a method of digital signal processing is disclosed that
includes determining one or more variables indicative of the noise characteristics
associated with detecting a modulated radiation signal by a digital detector, and
estimating the signal-to-noise ratio of an average of a plurality of output signals to be
generated by the detector in response to the modulated signal as a function of the noise
variables and the number of the output signals.

In a related aspect, the noise variables can be determined by measuring output
signals of the detector in absence of the radiation.

In another aspect, the invention provides a method of digital signal processing
that includes determining one or more variables indicative of the noise characteristics of
a digital detector employed to detect a radiation signal modulated about a substantially
constant level, and predicting the signal-to-noise ratio of a plurality of read-out signals
to be generated by the detector in response to the detection of the modulated signal as a
function of (i) the values of the noise variables, (ii) an average detector read-out signal
over a measurement period and (iii) the number of the read-out signals.

In another aspect, a method of digitally detecting a modulated signal is disclosed.
The method calls for triggering a digital detector, for each of a plurality of modulation
periods of the signal, at a plurality of time intervals to generate a plurality of read-out
signals in response to detection of the modulated signal. A plurality of average output
signals are generated, each of which corresponds to an average of the read-out signals
obtained at similar time intervals in the modulation periods. This is followed by
deriving the magnitude of the modulated signal (e.g., an amplitude of the modulated
component) based on the average output signals. The number of the read-out signals is
selected to be sufficiently large such that an uncertainty in the derived magnitude of the
modulated signal is less than a code width of the detector.

In a related aspect, the modulated signals can correspond to any of
thermoreflectance, electroreflectance, photoreflectance, or piezoreflectance of a
substrate.

In another aspect, a method of estimating the signal-to-noise ratio of a signal is
disclosed that utilizes the uncertainty in the measured phase of a modulating signal (that
is, the phase noise) to predict the signal-to-noise ratio of the signal’s amplitude. For

example, in a thermoreflectance measurement, the phase uncertainty calculated based on
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the phase information obtained from reflectance signals detected by a number of
neighboring pixels (e.g., a 5 x 5 pixel area) can be utilized to derive the phase
uncertainty, which in turn can predict the signal-to-noise ratio of the relative reflectivity.
The phase uncertainty can be utilized to set a threshold at which the iteration of data
acquisition can be terminated. That is, the phase uncertainty can be employed as an
indicator identifying when a selected signal-to-noise of the relative reflectivity has been
achieved, as described in more detail below. In one preferred embodiment, the
experimental uncertainty in phase measurements of neighboring pixels is measured over
an area ranging from 9 pixels (3x3) to 49 pixels (7x7).

In yet another aspect, a method of performing thermoreflectance measurements
is disclosed in which the temperature of a sample can be modulated at a selected
modulation frequency fi, while illuminating a portion of the said sample with radiation
modulated at a different frequency f;. A digital imaging system detects the radiation
reflected from the sample and modulated at a difference frequency equal to a difference
of said f; and f; frequencies. This allows reflectance images of the sample to be
generated. The digital imaging system is triggered to obtain a selected number of
reflectance images in one cycle of the oscillation of intermediate frequency. A map of
the relative reflectance changes of said sample can then be calculated from the
reflectance images. Iterating the step of acquiring reflectance images over a sufficient
number of oscillation cycles of the intermediate frequency, allows calculating the
relative reflectance changes with sufficiently small uncertainty. This allows detection of
signals smaller than the code width of said digital imaging system.

In another aspect, the above mentioned method eliminates the need for additional
and independent experiments. Thus, precious experimental time and effort can be saved.
In addition, the method of the present invention can be used to stop an experimental run
once a pre-determined signal-to-noise ratio has been achieved. More specifically, the
method allows the determination of the signal-to-noise ratio from the measurement
itself, with no need for prior knowledge of the signal magnitude and without recourse to
multiple or independent measurements. The applicability of this method is not limited
to the thermoreflectance technique described herein by way of example, but is more
generally applicable to a variety of other imaging techniques. For example, it can be

employed to process signals obtained with other imaging methods that employ the 4-
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bucket digital lock-in technique, such as lock-in infrared imaging. More generally, this
method can be characterized as a method of signal processing in which a temporally
modulated signal is detected at a plurality of time intervals to generate a set of discrete
data points corresponding to that signal. The data can be utilized to derive the amplitude
of the signal, along with its phase as well as an uncertainty associated with the derived
phase. The signal-to-noise ratio of the signal’s amplitude can be calculated based on the
phase uncertainty.

In another aspect, the present invention provides a method of signal processing,
by detecting a temporally modulated signal at a plurality of time intervals. In one aspect
this method allows generating a set of discrete data points corresponding to said signal,
and utilizing the data to derive the amplitude and phase of said signal. More
specifically, this method allows deriving the uncertainty associated with phase of said
signal, and allows the estimation of the signal-to-noise ratio of said derived amplitude
based on said phase uncertainty.

In still another aspect, the present invention provides a method of data
acquisition that includes collecting a set of data points corresponding to a temporally
modulated signal. In one aspect, the invention of the present application allows deriving
the phase and phase uncertainty associated with the signal form the data acquired. More
specifically, this method allows for the iteration of the above steps until the phase
uncertainty reaches a pre-selected threshold.

Thus, in one aspect, the present invention provides a thermoreflectance apparatus
and methods that combine a high spatial resolution (e.g., 250 nm) with a good
temperature resolution, e.g., in a range of about 1 mK to about 1 K, and preferably in a
range of about 1 mK to about 10 mK. This combination opens the door to new
applications, such as the measurement of the optical power distribution in photonic
devices as an important characterization technique for photonic integrated circuits. In
addition, the teachings of the invention can be utilized as an important quality control

tool, for example in the thermal profiling of vertical cavity surface emitting lasers.
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Brief Description of Figures

Figure 1A is a schematic diagram of a thermoreflectance apparatus in accordance

with an embodiment of the present invention,

Figure 1B shows a flow chart depicting various steps for acquiring

thermoreflectance images according to some embodiments of the present invention, -

Figure 2A depicts an exemplary input current applied to a substrate under study
at a frequency f,

Figure 2B shows that the temperature of the substrate to which the input current
of Figure 2A is applied oscillates at a frequency twice that of the input current,

Figure 2C shows acquiring images of a substrate to which the temperature

modulation of Figure 2B is applied four times within each modulation period,

Figure 3A is a schematic diagram depicting quantization of a detected
thermoreflectance signal in the absence of added noise or when noise and/or signal

levels are below quantization step,

Figure 3B is a schematic diagram depicting quantization of a detected
thermoreflectance signal in the presence of added noise or when noise and/or signal

levels allow the signal to cross between two or more adjacent quantization levels,

Figure 4 is a plot depicting the change in uncertainty of a measured

thermoreflectance signal as a function of number of iterations N,

Figure 5 shows that the uncertainty in the phase of a thermoreflectance
measurement can be used to determine the signal-to-noise ratio according to one

embodiment of the present invention,
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Figure 6A is a plot of offset error in a thermoreflectance measurement (Eoftset) @s

a function of number of iterations N and average CCD counts c,

Figure 6B is a plot of random error (€andom) in a thermoreflectance measurement

as a function of number of iterations N and average CCD counts c,

Figure 7 shows thermoreflectance profile of a boron diffused silicon resistor
illustrating that signal values below the code width (equal to about 2.93K in this
example) of a digital detector can be measured in accordance with an embodiment of the

present invention,

Figure 8A depicts the behavior of a thermoreflectance signal as a function of

number of iterations N, for a relatively large signal,

Figure 8B depicts the behavior of a thermoreflectance signal as a function of

number of iterations N, for a relatively smaller signal,

Figure 9 is a schematic view of the quantization process utilized in some

embodiments of the present invention,

Figure 10 shows a plot depicting the relation between pixel noise level and a

correlation between quantization error and input signal,

Figure 11 is a plot showing the relation between the quantization error and

variance associated with input noise.

Detailed Description

The teachings of the present invention relate generally to processing of digital
signals, and particularly to methods of digital signal processing that employ digital lock-
in techniques. In many embodiments, the teachings of the invention can be used to
analyze signals with an associated uncertainty that is less than the code width of a digital

detector utilized to detect the signal. Although in the following embodiments various
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aspects of the invention are described in connection with thermoreflectance imaging, it
should be realized that the teachings of the invention can be applied equally to other
measurement techniques such as electroreflectance or piezoreflectance to generate high
resolution images.

Figure 1A schematically illustrates an apparatus 10 according to one exemplary
embodiment of the invention for measuring thermoreflectance of a sample 12 (for
example, a semiconductor device), which is mounted on a heat sink 11. A microscope
14 focuses light, generated by a light source such as a light emitting diode (LED) 16 and
directed to the microscope via a beam splitter 18, onto the sample, and a CCD camera 20
detects the light reflected from the sample. The sample is temperature-modulated in a
manner known in the art (periodically heated and cooled by employing, e.g., an
electrical current applied to the sample via a current source 13, modulated laser beams
absorbed by the sample, or via temperature changes of the sample mount) at a selected
modulation frequency (f), and a multi-channel lock-in technique is utilized to detect the
reflected light by the CCD camera. As discussed in more detail below, in this
embodiment, the camera is triggered at a frequency that is four times the temperature
modulation frequency to acquire four images within a period (T) of the sample
modulation. The data collected by the CCD camera can be transferred to a processing’
module 22 for analysis as described in more detail below.

The camera used in this exemplary embodiment is a 12 bit grayscale CCD,
which can deliver up to 60 frames per second through a USB2.0 bus, and has 652 by
494 pixels. It should, however, be understood that other digital detectors and camera
types can also be employed. More particularly, the teachings of the invention are not
limited to the specific camera, communications bus, or other exemplary parameters (e.g.,
frames/second, number of pixels) employed in this illustrative embodiment.

Pipelining allows the collection of individually externally triggered images while
maintaining a high duty cycle of typically more than 98%. A digital lock-in method,
commonly referred to as four-bucket method is employed, where four images per period
“T” of the sample modulation are acquired and summed pixel by pixel. After data
acquisition is complete, the processing module 22 reconstructs the magnitude and phase
of the reflected signal from the four distinct phase bins using an analysis similar to that

of the four-point discrete Fourier Transform.
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The “four-bucket” lock-in technique provides at least two advantages: (1) it
allows for an economical way to obtain modulated images, since only four images (one
for each phase bin) need to be kept in memory throughout the procedure, and (2) it
allows one to overcome, if applicable, relatively slow readout speed of the CCD-array.

By way of further illustration, the use of the four-bucket method in connection
with a thermoreflectance measurement performed by the above exemplary apparatus 10
is schematically depicted in Figures 2A —2C. Ohmic heating of a sample under study
can occur via an input current supplied at a frequency ‘f’. The sample’s temperature
oscillates at a frequency ‘2f’, and a digital detector is triggered to image the reflected
light at a frequency ‘8f*. In each temperature modulation period, four images of the
sample are acquired. As discussed in more detail below, the acquisition of the images is
repeated over sufficient number of modulation periods to ensure that the uncertainty in
signal amplitude, derived as an average of the signals obtained over the modulation
periods, is less than the code width of the CCD camera. Although in this embodiment,
four images are acquired per temperature modulation cycle, in other embodiments, a
different number of images can be obtained per modulation cycle.

The four images (I, k=1...4), which stem from the time integration of the signal
with subsequent truncation of sub-threshold signal contributions, can be represented

mathematically as follows:

LGy = ﬁ:Mi r4i+k+l)2[c (x,y)+A(x, ¥)cos (cot+ D (x,p)+ ‘P)] a’tj +d(x, y)J |

< 4i+k)§ )

ke{1,2,3,4)

In this equation, ‘c’ represents the time independent signal (dc-part of reflected light),
‘A’ denotes its modulation, ‘d’ is the noise present prior to quantization, AR/R is the
intensity of the thermoreflectance signal and ¢ represents the phase of the harmonic

heating. The relative magnitude and phase of the thermoreflectance signal can be

recovered using the following equations (2) and (3):,
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ARz ) +(L-L) A ®
Rluwa ~N2 L+L+I+I, c
@, =arctan LohoLl, -¥Y=0 (3)
IL+1,-1,-1,

The above equations can be evaluated for each individual pixel, thus generating
2-dimensional maps of both the signal magnitude and the phase. By way of example,
Figure 1B depicts a flow chart 5 illustrating various steps according to one embodiment
of the invention for measuring thermoreflectance images. Step 1 involves acquiring
digital images of radiation reflected from the surface of a sample in response to an
illuminating radiation while a temperature modulation is applied to the sample. In step
2, a map of the reflectivity of a sample’s surface is derived using the digital images
captured in step 1 by the detector. In step 3, the above process of acquiring digital
images is iterated a sufficient number of times so as to reduce the uncertainty associated
with the measurement, and allow detection of signals that are less the code width of the
detector used for detection of those signals.

In some embodiments, the noise in the CCD images can stem from signal
independent thermal and readout noise, and from the signal-dependent shot noise.
Because in many embodiments the signal is normalized for each pixel individually, the
otherwise important photo-response non-uniformity noise (the most significant
component of pattern noise) does not generally influence the noise in the AR/R image.
Applicants have confirmed experimentally that the random uncertainty in AR/R can be

expressed by the following relation:

Sl &N )= 2—3%1(af c+) @

where N is the number of iterations of a series of 4 images taken for each period of the
temperature modulation, and ¢ is the average CCD signal level (compare equation (1))

and o and [ are variables describing the noise of the CCD camera, as discussed in more
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detail below. By way of example, Applicants measured @=0.207 and =7.65 for a CCD
camera utilized in some embodiments of this invention. With o and B defined as in
Equation (4), the noise term ‘d’ used in equations (1-3) can be defined. The term ‘d’ is
a random variable with a normalized Gaussian probability density, and so is fully
specified by its mean and standard deviation. Its mean is zero (0) and its standard
deviation is ¢, = a~e + B.

While in some embodiments a homodyne detection system is utilized, in other
embodiments a heterodyne detection system can be employed. For example, in a
heterodyne detection, system the temperature of a sample under study can be modulated
at one frequency (f;) while the radiation illuminating the sample can be modulated at
another frequency (f;). The radiation reflected from the sample can then be detected at a
difference (beat) frequency equal to the difference of said f; and f, frequencies, e.g., by
utilizing a non linear device and a local oscillator. For example, in one embodiment the
difference frequency can be about 20Hz (e.g., by selecting f to be 100kHz and £, to be
100.02kHz).

High temperature resolution

As discussed in more detail below, Applicants have discovered that the
acquisition of images within each temperature modulation cycle can be iterated
sufficient number of times (e.g., 10° iterations) to allow detection of signals that are
smaller than the digital detector’s code width. For example, noise induced threshold
crossing phenomenon (stochastic resonance), can be employed to enhance the detected
signal-to-noise, using a sufficiently large number of iterations, and beyond a level that
has been traditionally considered feasible. In some cases, the code width of the detector
can be selected such that the combined signal and system noise is sufficiently large such
that it can span across two or more adjacent quantization levels of the detector during at
least part of the measurement period. Alternatively, in some embodiments of the present
invention, white noise can be added to the signal to achieve the same result.

More particularly, as shown in Figure 3A, in the absence of added noise, (or
when noise and/or signal levels are insufficient) the smallest thermoreflected signal that

can be detected may be limited by the size of the quantization step (i.e., the energy
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difference between two quantization steps) of the digital detector. For example, if the
signal (e.g., detector pixel signal) oscillates near a particular quantization step without
crossing between two adjacent quantization levels, its repeated averaging will not
enhance detection (it will not enhance the signal-to-noise ratio) since overall magnitude
of the signal is essentially constant due to being quantized to a single level. However,
addition of noise (or choosing a detector with an appropriate quantization step) allows
for the variation of a pixel signal between two or more adjacent quantization levels, as
shown schematically in Figure 3B. For example, in some embodiments, noise having a
known characteristic (e.g., white noise or noise characterized by other known
distributions) is added to the detection system so as to ensure that signal crossing
between adjacent quantization levels occurs. Alternatively, the detector can be selected
such that the noise inherently present in the detection process can cause such signal
crossings. This can lead to a greater dynamic range of the measured signal, as signals
between the quantization levels are also detected and averaged over a large number of
iterations. This method of oversampling and averaging thus allows for the detection of
signals below the code width of the detector used. This is particularly useful when the
inherent or added noise can be substantially characterized as white noise, (i.e., noise
which has a symmetric distribution about a zero mean, e.g., Gaussian noise). Thus, over
sufficient number of iterations, the noise in the signal converges towards zero (ora
constant offset), while the signal intensity is enhanced due to its periodic crossings of the
signal between adjacent quantization levels.

The above Equation (4) relates the uncertainty in measurement of the

thermoreflectance signal (é}g) as a function of the number of iterations N and the

average number of CCD counts ¢. Figures 6A and 6B show plots of the errors in (%) ,

as a function of iterations N and CCD counts c. Figure (6A) corresponds to the error in

the mean of the measured (é}g) » while Figure (6B) corresponds to the random

statistical error in the measured (%) . Together, they fully specify the error associated
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with (%} While the plots are specifically calculated for the o and B of a particular

CCD camera, they can easily be adapted for any other model once the coefficients o and
B have been measured using Equations (20) and (21), introduced later. Nevertheless, the
general features will remain the same. The plot indicates that the best experimental

accuracy can be achieved by using a detector with a high bit depth and operating it close

to saturation intensity, .e., the uncertainty in the thermoreflectance signal

(?) decreases, as the average CCD counts and the number of iterations N increases.

For example, Applicants have recovered signals by employing a 12-bit CCD
camera with a measured uncertainty that is smaller than the camera’s code width. This
is two orders of magnitude better than the standard results obtained using published
techniques. This, in turn, can translate to an enhanced method of thermoreflectance
measurements that can result in a temperature resolution in the range of about 1mK to
about 1K and more particularly in the range from about 1mK to about 10mK. In many
embodiments, thermoreflectance measurements are performed by utilizing a digital
detector having a high bit depth, (e.g., a detector with a bit depth in the range of § to 16).
In other embodiments of the present invention, the detector may operate close to
saturation intensity. As discussed in more detail in the examples below, above methods
can be employed to perform thermoreflectance measurements of signals smaller than the

code width of the digital detector used for these measurements

Self-contained data validation

As noted above, in another aspect, the invention provides a method for
determining the signal-to-noise ratio of a measurement from the measurement itself, or
from the noise characteristics of the detection process.

By way of example, Figure 4 shows that the signal uncertainty decreases as the
number of iterations N increases. In Figure 4, the dashed line represents ideal or desired
thermoreflectance measurement, solid line depicts the expected value of the
thermoreflectance, while the two dotted lines describe the plus/minus error associated

with the measurement. Since the signal magnitude is not known a priori, it is important
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to know when enough iterations have been performed to achieve a particular
temperature resolution, i.e. when the measurement has converged.

Figure 4 shows one possible path: if an increase in the number of iterations does
not change the signal magnitude, there have been enough iterations. However, this
criterion can be cumbersome since (a) it requires several independent measurements,
and (b) the measurement itself is not sufficient for its own validation. However, using
the above Equation (3), it is possible to formulate a criterion that allows determination of
the signal-to-noise ratio from the phase noise. The idea is that the phase of the signal
does not vary much over small areas of the sample even if the signal changes
significantly. This is true in the majority of cases with only a few exceptions such as (a)
adjacent areas of heating and cooling, in which case there is an abrupt 180° phase shift,
or (b) the case of thermal waves, where the phase changes gradually over the thermal
wavelength. These are details that can be taken into account when setting up the
criterion in a particular situation.

Figure 5 shows the phase uncertainty (determined from a 5 by 5 pixel area) as a
function of the signal-to-noise ratio. Figure 5 illustrates both a theoretical curve based
on a numerical evaluation of Equation (3) for various phases, and experimental data
from different samples. The number of iterations can be terminated when the phase
uncertainty reaches a threshold (e.g., a pre-selected threshold). For example, the number
of iterations can be terminated when the phase uncertainty reaches about 10 degrees.
The threshold can be selected based on a particular application, and a desired signal-to-
noise ratio.

Figure 5 shows that theory and experiment agree very well, thus indicating the
feasibility of utilizing the phase for estimating in tempore the signal-to-noise ratio. Its
advantage compared to the traditional methods described above is that the measurement
contains both the signal information and a quality control mechanism. This mechanism
allows one to determine if large contrast in the AR/R image is due to statistical
uncertainties, or instead represents meaningful data. For example, the relative stability
of the phase values among a number of neighboring pixels can provide an indication of

the signal-to-noise ratio.
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In some embodiments of the invention, the noise characteristics of the detection
process can be employed to predict an expected signal-to-noise ratio for the
thermoreflectance signal as a function of the number of iterations as well as the number
of detector counts corresponding to the non-modulating (dc) portion of the reflected
signal. More specifically, in such embodiments, the error in the measurement can be
derived by treating AR/R and ¢ as random variables with probability density functions
(pdfs) that are seeded by the input noise in each pixel of the digital detector (herein
referred to as the random variable d). A combination of shot noise and thermal read-out
noise, both of which can be considered as Gaussian noise processes with a zero mean,
contribute to the pixel signal noise. Accordingly, the pixel signal noise can be

characterized by the following probability density function:

P, =N(0,0 d2) (5)

where N (4, o2 ) denotes a Gaussian pdf with a mean p and variance . Without loss of

generality, the noise o 4 ¢an be expressed in units of CCD counts, although fractional
values of o 4 are also considered, as the noise is modeled before the quantization step in

the CCD camera. The standard deviation of the noise can then be expressed in units of

CCD counts as:
o =ac+f (6)

where variable o is selected to model the shot noise associated with the incoming
photons (i.e., photons incident on the detector) and dark current, and variable B models
the noise components that do not depend on the incoming signal intensity (e.g., thermal
noise).

During a signal measurement by the digital detector, the photo signal and the
noise signal are quantized by the detector (e.g., by camera wells). This process is non-
linear whose effect on the measurement generally depends nontrivially on the signal.

However, if the noise in the incoming signal is larger than the quantization bin size of
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the digital detector (e.g., o 4> 1), the effects of quantization noise can be represented as

an additive (i.e., uncorrelated) white noise process with a standard deviation of

o quant =1/12 > as discussed in more detail below (Error Analysis). Hence, the effects

of the quantization noise on the measurement output can be the same as that of the
thermal noise, and can be absorbed in the B coefficient in the above expression
(Equation 6) of the pixel noise.

Each of the random variables I in the above Equation (2) is constructed from the
sum of N successive exposures of the digital detector (CCD camera) to incoming

photons, and can be expressed by a Gaussian pdf (P Ik ) in accordance with the

following relation:

P =N(,uk,Ncr

. ) )

where N denotes a Gaussian pdf with a mean ( 4y, ) and standard deviation (o J ). Asthe

noise in each exposure is uncorrelated with the noise in the others, the noise variances
for the N exposures add, thus resulting in the factor of N in the above equation. Further,

the mean value ( My, ) for the case in which each exposure corresponds to a full quarter-

period of the temperature modulation can be expressed by the following relation:

wk 7w\ . . [#7k 7
[cos(T-Z)sm((IH\P)+sm(7-2)cos(<b+‘l’))] )

4A
=N|c-
M ( 2
For cases in which the CCD camera acquires data for each exposure (image) for
a period less than the full quarter-period of sample’s temperature modulation, the
expression in the above Equation (8) can be readily modified to take into account this
temporal change in image acquisition — the difference in Equation (8), between the full

quarter-period acquisition and the opposite extreme (delta (A) function sampling) is only

about 10%.
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To calculate the probability distribution of the observed magnitude and phase of
the thermoreflectance signal, the Gaussian pdf of Equation (6) can be propagated
through Equations (3) and (4). In many embodiments of the invention, the magnitude of

the constant background reflectance signal c is far larger than that of the noise (e.g., root
mean square of the noise, \/o,” ), and the amplitude of the modulated thermoreflectance

signal. That is, 44, ~ Nc>>4/No,” . Hence, the variance of I, in the denominator of

Equation (3) can be ignored, and the above Equation (3) can be rewritten as:

2 2

lé}glz A L-L| | 71—, =\/[111_13]2+[£12—14T o
R 2> N V2 4Nc N
k k

Since the I, variables (i.e., Ij, I, I; and 1) are statistically independent random

variables, the bracketed terms in the above equation are themselves random variables,

thus allowing the following new independent random variables to be defined:

A=—%]:1;I£3,PA=N(#A,O'2) (10)

B= R, = N (.07) ()

where

= (12)
A Yl (13)

Hy = \/5 4Ne
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o _ 7’ 2No _7:_2 o/
2 (4Nc)2 16 N¢*

(14)

The thermoreflectance can then be defined as:
’%’:x//mgz (15)

where A and B are random, independent and ortho gonal vectors, and the
thermoreflectance signal corresponds to the magnitude of A and B. The joint Gaussian

pdf of A and B is given by the following relation:

_(A_ﬂA)2+(B“ﬂB)2J (16)

1
Pis (A’ B) - 270’ eXp( 20°

By changing variables according to A =rcos@ and B =rsin8, the joint pdf of A

and B in terms of the new variables can be obtained according to the following relation:

; ] ‘
P,,(r,0)= 27:02 exp(— 57 [(r cos@—u, )’ +(rsind- p, )ZD (17)

By integrating the above equation (17) over the variable 8, the joint pdf as a

function of thermoreflectance “r” is given by the following relation:

2 2 2 2 2
P,(;~)=Lexp[—’ THy Ty )1 [r VHa T M ] (18)

where I, denotes the Oth order modified Bessel function. The first term in the above
Equation (18), is the “Rician Distribution” and in the limit of low noise (small G), the

above equation collapses to a delta function distribution as shown in Equation (19). The
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above Equation (17) can also be integrated over the variable r to obtain a pdf for the

variable 8.

‘éﬁ

A
=\],u,42+/u32 =;_" (19)

ideal

The pdf in Equation (18) describes the statistics associated with the magnitude of
the measured thermoreflectance signal. As such, it can be employed to theoretically
determine the number of iterations (measurements) required to accurately measure a
temperature difference so long as the average counts (c) of the detector and the
characteristics of the input noise (e.g., the variables o and B in the above Equation 6) are
determined. The moments of the pdf in the above Equation 19 are given by the

following relations:

l 1 2+ 2 2+ 2 2+ 2
2o ex I +/u5 S m| 1B T || Ba T Hg |y | Ba T N
[ :| 2oexp| T | gV T e T | T
2 2
\/7;('”14 M )exp[ﬂAz"‘/‘gsz(ﬂAz+ﬂszﬂ

4o 4o 4o?

(20)
E[(%} }=20’2+,u,,2+u32 21

More specifically, the error in a thermoreflectance measurement can be well
approximated by the sum of two errors €ofet and €mngom. Eofiset €an be represented by the
difference between the first moment of the pdf in the above Equation (18) and an ideal
signal as given in the above Equation (19). That is, oz can be obtained in accordance
with the following relation:

e[ 22

= E['Z;TR} i, B+ g (22)

ideal
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The random e1ror (Erandom) is defined by the standard deviation of the pdf in the
above Equation (21), and is indicative of the random measurement error. €qndom can be

obtained in accordance with the following relation:

i = \/EK%)] —E[%T 23)

If no thermoreflectance signal is present (i.e., if u,> + 41,° = 0), the above

equation for €ndom can be can be expressed in terms of the fundamental noise o4 of a

CCD pixel:

/~'A2+}‘32=0=[1’2—%j0={ 2—%)%0% =[ 2_%)%(a;/\2/;\;1ﬂ) (24)

In some embodiments, by measuring = with no thermoreflectance signal for a

grandom

variety of count levels ¢ and iterations N, the ¢ can be measured to

2
random | 4 Y7 BZ =0

determine the input noise (c4), as well as variables o, and B. Once these variables are
known for a specific digital detector (CCD camera), the accuracy of thermoreflectance
measurements obtained by utilizing that detector can be analytically predicted as a
function of c and N. Alternatively, the noise parameters o and B can be determined
directly by measuring the pixel noise in normal images (images for which a
thermoreflectance signal is present) as a function of N and c.

By way of example, Figures 6A and 6B depict plots of ,frset and €erroras a
function of number of measurement iterations N and number of counts ¢ for a CCD

camera characterized by noise input variables o = 0.207 and B = 7.650 and a
thermoreflectance signal magnitude of —§—=104. For a given level of dc camera signal

¢, this chart can be employed to determine the number of iterations N required to

achieve a given measurement accuracy.
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The above exemplary embodiments present at least two significant
improvements for CCD based thermoreflectance microscopes. One of the improvements
enables the measurement of temperature maps with a henceforth unsurpassed
combination of high temperature resolution, good spatial resolution, and large field of
view. For example, in many embodiments, a spatial resolution in a range of about
200nm to about 1um (micron), and preferably in a range of about 200nm to about
500nm, and a temperature resolution in a range of about 1mK to about 1K, and
preferably in a range of about 1mK to about 10mK can be achieved. The other
improvement allows the user to determine the reliability of the acquired data without
recourse to either additional measurements using the same technique or an independent
one. The measurements thus have a self-contained quality control feature. Because of
these features, the above thermoreflectance technique of the invention enables new
applications that were previously unattainable.

To further illustrate various aspects of the invention, the following examples are
provided. It should be understood that these examples are provided only for illustration
purposes and do not necessarily represent optimal results that can be obtained by

employing the teachings of the invention.

Example 1
To show the efficacy of the methods of the invention in measuring

thermoreflectance signals having magnitudes smaller than the least significant bit of a
digital detector utilized for detecting those signals, the linear temperature dependence of
a boron-doped Si resistor with Ohmic heating power was measured, as shown in Figure
7. A current applied to the resistor was modulated sinusoidally at a frequency of 6 Hz,
resulting in a modulated temperature (and reflectance signal) at 12 Hz due to Joule
heating. The trigger of the CCD camera was locked to the reflectance signal at 48 Hz.
The doped resistor’s thermoreflectance coefficient (&= 2.20 X 10™*) was measured by
using a microthermocouple, as a reference temperature monitor. The mean level of
camera counts for the measurements was 1550, giving rise to a quantization limit
temperature level of 2.93 K. The data presented in Figure 7 shows the linear
dependence of the measured temperature on the applied electrical power, even though

the signals are measured far below a temperature corresponding to the quantization limit
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of the camera. For most of these measurements, N = 105 iterations were used, resulting
in a measurement time of about 2.3 hours. The standard deviation of the error was about
18 mK.

Example 2
To provide experimental evidence for the above method of theoretically

calculating the signal-to-noise ratio of a thermoreflectance measurement by utilizing the
pre-determined noise characteristics of the measurement process, a 25 pixel (5 x 5) area
of uniform temperature excitation was imaged by varying numbers of iterations. Two
independent levels of illumination and excitation were employed. Separate
measurements, together with the use of the above Equation (24), resulted in the
following noise parameters: o= 0.207 and 3= 7.650. Figures 8A and 8B provide graphs
depicting two examples of the behavior of thermoreflectance measurements as the
number of measured iterations (N) is increased: one of the larger thermoreflectance
signal and the other for the smaller thermoreflectance signal. The grey dotted lines
depicts the mean measured thermoreflectance of the 25 pixels (from Equation (20)), the
black solid line depicts the theoretically expected thermoreflectance, and the dotted lines
denote the theoretical +1- error bars of the measurements (from Equation (21)). This
data illustrates that only for sufficiently large number of iterations N, the mean of the
measurements converge. If the averaging is insufficient (small N), the Gaussian pixel

noise can give rise to a large systematic offset error in the measured thermoreflectance.

Example 3
To provide further experimental evidence that the methods of the invention allow

enhanced temperature resolution with smaller uncertainty of the measurement the
following example can be considered. A gold surface (typical contact material of an
electronic circuit) was illuminated using light of wavelength 467 nm, a wavelength at
which the thermoreflectance coefficient of gold is particularly high, x =3.3-107K.
Using this number, the temperature resolution can be calculated as AT = «~' AR/R. This

means that, for a 12 bit camera operated close to saturation, instead of being able to

resolve temperature changes with an uncertainty of 1K per pixel, the use of the improved
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method in this example permits measuring thermoreflectance signals with uncertainties

smaller than 10 mK per pixel.

Error Analysis
As mentioned earlier, quantization is an inherently nonlinear process. The signal

flow diagram and transfer function for the process are shown in Figure 9. A signal to be
measured (x) is combined with some additive noise (v), and the resultant signal (w) is
put through a quantizer. The quantizer output (y) is related to the original signal by an
error term (g), which has error due to the additive noise and the quantization process.

For what follows it is assumed that the noise signal (v) is Gaussian, white, and
has a standard deviation of 64. In other words v=d, from the discussion of
thermoreflectance.

It is not generally appropriate to treat the error ¢ like a simple independent noise
source similar to v. Unfortunately, the error € is not independent of the signal x. In fact,
if w is so small that it never crosses into any adjacent quantization levels, the signal and
error are exactly negatively correlated (e = -x). In such a situation, assuming that
& could be modeled as a zero mean Gaussian noise source would be wrong. However, if
the standard deviation of v is much greater than the quantization bin size, the statistics of
& begin to approach those of v. A quantitative estimate of when this change occurs can
be made by calculating the correlation of x and €, given by E[x €], where E denotes the
expectation value.

From Figure 9, the expression for the pdf of & conditioned on a known value of

the signal is given by:
© 1/2+k
P, = % S(e+x —k)_” _Lka(w-x)dw (AL.1)

Here Py denotes the pdf of the noise v. The probability distribution takes the
form of a sum of delta functions at discrete values of k, corresponding to each of the
output quantization levels of the A-to-D converter. The number of quantization levels is

assumed infinite so that each bin can be presumed identical. This assumption holds as
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long as the signal does not clip (i.e., clear of the maximum and minimum quantization
levels). The integral in above equation (A1.1) calculates the weight (likelihood) of each
possible output quantization bin according to the probability that the sum of the input
and noise falls in the range corresponding to that bin. For Gaussian input noise, the
integrals can be analytically expressed in terms of the error function.

Substituting in the Gaussian pdf and integrating above equation, the following

relation is obtained:

1& 1 1 1 1
Pg"‘:Ek§5(€+x_k){erf[ad«/g[E-Fk-XB—erf(adﬁ[—5+k-X]J}

(A.1.2)
Here erf denotes the error function.

The above equation A.1.2, allows the correlation between € and x to be

determined as follows
E[xs]= J'xg(Pglx )de
(A.1.3)

Equation A.1.3 can be used to write the result in terms of a sum over all the

quantization levels as indicated below:

B[x¢]= %kiw (k%) {erf[adi/i B+ k—xD —erf[ adlﬁ [~%+ k-xD}

(A.1.4)

This sum can be explicitly computed and the results are shown in Figure 10. As shown
in Figure 10, there is a negative correlation between E[xe] and signal pixel noise level

(od). The result of this analysis is that the noise levels on the order of the quantization
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bin size or larger, the correlation between error and the input becomes very small,
justifying the treatment of € as an independent noise source. Above this threshold, the

variance is well approximated by the standard formula for quantization noise:

o’ =E[32:|—-E[s]2 =0’ +I15

(A.1.5)

This can be confirmed by plotting the first and second moments of € using summations

similar to equation A.1.4.

Ele]= %ki’ (k=x){erf [ O_dI\/_Z. [% + k-xD —erf [;—d—l—\/—i— [—%4— k-XD} =0
(A.1.6)

B[#]= %é (k=x)? {erf(adi/i B+ k-xD— erf[o_dl\/z [—% +k-xD}

(A.1.7)

The true noise variance o, is shown in Figure 11 and compared to the standard
approximation of equation A.1.5. The formula is very accurate for input noise signals
greater than around half the quantization bin size.

Those having ordinary skill in the art will also appreciate that various
modifications can be made to the above embodiments without departing from the scope
of the invention. For example, it should also be understood that the above teachings of
the invention can also be applied to other modulation imaging techniques, such as
electroreflectance (the electric field in the sample is varied) and piezoreflectance (a time
varying pressure is applied to the sample). Further, the teachings of the invention are
not limited to CCD detectors, but can be practiced with other digital imaging systems,

such as CMOS imaging detectors.
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Claims:
1. A method of performing thermoreflectance measurements, comprising:

acquiring digital images of radiation reflected from a surface of a sample in
response to an illuminating radiation while a temperature modulation is applied to the
sample,

deriving 2 map of relative change in reflectivity of said sample surface based on
said images, and

repeating acquisition of digital images until uncertainty in the reflectivity change
is reduced to a value such that relative changes in the reflectivity signals detected are

less than a code width of said imaging system.

2. The method of claim 1, further comprising selecting the number of acquired

images to be greater than about 10°,

3. The method of claim 1, further comprising selecting the number of acquired

images to be greater than about 10,

4, The method of claim 1, further comprising selecting the number of acquired

images to be greater than about 10°.

5. The method of claim 1, further comprising selecting the number of acquired

images to be greater than about 108,

6. The method of claim 1, further comprising selecting the number of acquired

images to be in a range of about 4x10° to about 8x10°%.

7. The method of claim 1, wherein the step of acquiring digital images further

comprises utilizing a digital lock-in technique.
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8. The method of claim 7, wherein said digital lock-in technique comprise the four-
bucket lock-in method.
9. A method of performing thermoreflectance measurements, comprising;

modulating temperature of a sample at a selected modulation frequency (f),

illuminating a portion of the sample with radiation having one or more selected
wavelength components,

utilizing a digital imaging system having a plurality of pixels to detect radiation
reflected from the sample in response to said illumination to generate reflectance images
of the sample, wherein said imaging system is triggered to obtain a selected number of
reflectance images in one period of the temperature modulation,

calculating from said images a map of relative reflectance changes of said
sample, and

iterating said step of acquiring reflectance images over a sufficient number of
periods of said temperature modulation so as to obtain a sufficiently small uncertainty in
the calculated relative reflectance such that signals smaller than a code width of said

digital imaging system can be detected.

10.  The method of claim 9, wherein the uncertainty in the calculated relative

reflectance change is less than about 107 per pixel.

11.  The method of claim 9, wherein the uncertainty in the calculated relative

reflectance change is less than about 107 per pixel.

12. The method of claim 9, wherein the uncertainty in the calculated relative

reflectance change is less than about 107 per pixel.

13.  The method of claim 9, further comprising averaging signals detected by a
plurality of neighboring pixels so as to reduce the uncertainty in the calculated relative

reflectance change.
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14.  The method of claim 9, further comprising obtaining four reflectance images

within each period of the temperature modulation.

15.  The method of claim 14, further comprising summing respective images in a
plurality of modulation periods to obtain a signal I, in accordance to the relation
L(x,y)= Z::M%Lij;?g[c(x,yﬁ A(x,y)cos (a)t+ O (x,»)+ ‘P)] dz‘] +d(x, y)J
kefl,2,3,4}
wherein;
¢ represents the time independent component of the signal,
A is the amplitude of the modulated component of the signal,
d is the noise present prior to quantization,
AR/R is the intensity of the thermoreflectance signal,
¢ represents the phase of the temperature modulation,
N is the number of iterations,
o 1s frequency of modulation,
T is the period of modulation, and

¥ is an arbitrary uniform phase offset.

16.  The method of claim 9, wherein said iterating step is performed over at least

about 10° periods of said temperature modulation.

17. The method of claim 9, wherein said iterating step is performed over at least

about 10° periods of said temperature modulation

18, The method of claim 9, further comprising calculating a relative temperature

modulation map of said sample based on said relative reflectance map.

19.  The method of claim 18, wherein said temperature modulation map exhibits a

temperature resolution in a range of about 1 mK to about 1 Kelvin.
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20.  The method of claim 18, wherein said temperature modulation map exhibits a

temperature resolution in range of about 1 mK to about 10 mK.

21.  The method of claim 18, wherein said temperature modulation map exhibits a

spatial resolution of a few hundred nanometers.

22, The method of claim 18, wherein said temperature modulation map exhibits a

spatial resolution in a range of about 200 nanometers to about 1 micron.

23.  The method of claim 18, wherein said temperature modulation map exhibits a

spatial resolution in a range of about 200 nm to about 500 nm.

24, The method of claim 18, wherein said temperature modulation map exhibits a

spatial resolution in a range of about 200 nm to about 300 nm.

25. A method of digital signal processing, comprising:

determining one or more variables indicative of noise characteristics associated
with detecting a modulated radiation signal by a digital detector, and

estimating a signal-to-noise ratio of a plurality of output signals to be generated
by the detector in response to said modulated signal as a function of said noise variables

and a number of said output signals.

26.  The method of claim 25, wherein the step of determining said noise variables

comprises measuring said output signals of the detector in absence of said radiation.
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27. A method of digital signal processing, comprising

determining one or more variables indicative of noise characteristics of a digital
detector adroptedrto detect a radiation signal modulated about a substantially constant
level,

theoretically estimating a signal-to-noise ratio of a plurality of read-out signals to
be generated by said detector in response to said modulated signal as a function of (i)
said noise variables, (ii) an average detector count over a measurement period and (jii) a

number of said read-out signals.

28. A method of digitally detecting a modulated signal, comprising;

for each of a plurality of modulation periods of said signal, triggering a digital
detector at a plurality of time intervals to generate a plurality of read-out signals in
response to detection of said modulated signal,

generating a plurality of average output signals each corresponding to an average
of read-out signals obtained at respective time intervals in said modulation periods,

deriving a magnitude of said modulated signal based on said average output
signals, wherein a number of said read-out signals is selected to be sufficiently large
such that an uncertainty in said derived modulated signal is less than a code width of

said detector.

29.  The method of claim 28, wherein said signal corresponds to thermoreflectance of

a substance.

30.  The method of claim 28, wherein said signal corresponds to electroreflectance of

a substance.

31. The method of claim 28, wherein said signal corresponds to piezoreflectance of a

substance.
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32 The method of claim 28, wherein said signal corresponds to photoreflectance of a

substance.

33. A method of performing thermoreflectance measurements, comprising

adding noise having a known distribution about an average value to a digital
detection system such that a root-mean-square of the noise is greater than a spacing
between quantization levels of said detection system,

utilizing said detection system to acquire digital images of radiation reflected
from a surface of a sample in response to an illuminating radiation while a temperature
modulation is applied to the sample,

deriving a map of relative changes in reflectivity of said sample surface based on
said images, and

repeating acquisition of digital images until uncertainty in the reflectivity

changes is reduced to a value less than said spacing between the quantization levels.

34, A method of performing thermoreflectance measurements, comprising:
modulating temperature of sample at a selected modulation frequency fi,
illuminating a portion of the sample with radiation modulated at a different
frequency f3,
utilizing a digital imaging system to detect radiation reflected from the sample,
modulated at a difference frequency equal to a difference of said f; and f; frequencies in
response to said illumination to generate reflectance images of the sample, wherein said
imaging system is triggered to obtain a selected number of reflectance images in one
cycle of the oscillation of said intermediate frequency,

calculating from said images a map of relative reflectance changes of said
sample,

iterating said step of acquiring reflectance images of a sufficient number of
oscillation cycles at said difference frequency, so as to obtain a sufficiently small
uncertainty in the calculated relative reflectance change such that signals smaller than

the code width of said digital imaging system can be detected.
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