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Thermoreflectance imaging provides the capability to map temperature spatially on the submicrometer scale by
using a light source and CCD camera for data acquisition. The ability to achieve such spatial resolution and
observe detailed features is influenced by optical diffraction. By combining diffraction from both the sample
and substrate, a model is developed to determine the intensity of the thermoreflectance signal. This model takes
into account the effective optical distance, sample width, wavelength, signal phase shift, and reflectance intensity,
while showing qualitative and quantitative agreement with experimental thermoreflectance images from 1 and
10 μm wide gold lines at two wavelengths. © 2015 Optical Society of America
OCIS codes: (050.1940) Diffraction; (110.6820) Thermal imaging; (120.6780) Temperature.
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1. INTRODUCTION
The size of nanoelectronic devices is continuously shrinking to
achieve higher speed of operation and lower fabrication cost for
given performance. Recently, the minimum feature size in integrated circuits (ICs) has decreased to smaller than 24 nm [1].
For reliable operation of these nanoscale devices, it is necessary
to study the temperature in the submicrometer scale [2,3].
Temperature measurement is divided in two main categories:
contact and noncontact methods. Noncontact methods offer
some advantages over contact thermal measurements. For example, there is no sensor loading bias, risk of contamination, or
mechanical effects on the surface. With thermoreflectance, it is
possible to measure the full-field temperature at high speeds
[4,5]. However, full-field noncontact methods are spatially limited by diffraction, which is based on the wavelength of light
used during measurement. Different methods for temperature
measurement on micro- and nanoscale electronic and photonic
devices are summarized by Christofferson et al. [5].
Thermoreflectance (TR) temperature measurement belongs
to the class of noncontact temperature measurements and uses
an LED or filtered white light source and a CCD to acquire
images. Thermoreflectance temperature measurement is based
on the principle that a change in temperature of a given
material produces a small change in the spectral reflectivity
of the material’s surface [4–7]. This small change can be linearized over a range of temperature. The linearized response of
the normal reflectance with respect to the temperature of a sample allows the following approximation for the derivative of
normal reflectance [8]:
∂ρn ρn T  − ρn T 0 
≈
:
∂T
T − T0

(1)
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The normal reflectance intensity at a given temperature I n T 
can be calculated from
I n T   ρn T  · I 0 ;

(2)

where ρn T  is normal reflectance and I 0 is incoming illumination intensity.
The spectral TR coefficient κ is defined by the normalization of the slope as a function of temperature with the reference
quantity [8]
κ

1 ∂ρn
1 ∂I n

:
ρn T 0  ∂T
I n T 0  ∂T

(3)

The thermoreflectance coefficient is a material and surface
property that depends on the illumination wavelength, temperature, material surface characteristics, and in some cases also on
the material processing [8]. For most metals and semiconductor
materials of interest, the value of the thermoreflectance coefficient will be on the order of 10−4 °C−1 to 10−5 °C−1 [8]. During
the experiment, it is necessary to calibrate the system and obtain the thermoreflectance coefficient for the specific sample.
Following the calibration, one can determine the temperature
difference developed during heating through rearrangement of
the governing relationship with a measurement of the relative
reflectance:


1 I n T  − I n T 0 
:
(4)
ΔT  T − T 0  
κ
I n T 0 
In addition to the temperature, reflectance intensity may
show dependence on a number of parameters, like the spectral
width of the illumination and spectral sensitivity of reflectance
detection.
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Spatial resolution for thermoreflectance is limited by diffraction [9]. Diffraction is defined as deviation of light rays from
rectilinear that cannot be interpreted as reflection or refraction
[10–13]. In the prior work, thermoreflectance was used to measure the temperature of thin gold films that modeled electrical
interconnects. The modeled interconnects were 1–10 μm in
width and tens of μm long. In this paper, a mathematical model
is developed for better analysis of the thermoreflectance experimental data. The main purpose of this article is to understand
the impact of diffraction and the parameters that govern the
signal. A one-dimensional Fresnel diffraction formula is used
to estimate diffracted field from the observed sample and
the background. The mathematical model further takes into
account the incoherent nature of the illumination source by
averaging over the wavelengths of the light source. The remaining unknown parameters of the experiments are treated as free
parameters and are determined by a comparison to the experimental data. A detailed explanation about diffraction theory
and the mathematical model are discussed in Section 2.
Experimental data used here for comparison are taken from
the Master’s thesis of Cardenas [8] and briefly summarized in
Section 3. The thermoreflectance technique was used to measure temperature and determine thermal contact resistance for
gold thin film structures used as model electrical interconnects
[7,8]. The observed sample consists of the gold thin film interconnects as seen in Fig. 1. The test interconnect consists of two
gold pads, thin film leads, and a narrow test line connecting the
two leads [14,15]. The gold film is deposited on an amorphous
SiO2 substrate grown on a silicon wafer. There is a thin adhesion
layer of titanium between gold and SiO2 . This technique was
extended to analyzing thermoreflectance data from 150 nm
wide carbon nanofibers undergoing current stressing [16].
The thermoreflectance experiment was performed in two
stages. In the calibration stage, the entire sample was uniformly
heated to obtain the TR coefficient and the normal reflectance
intensity was measured using a microscope and CCD. In the
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temperature measurement stage, the TR coefficient was then
used to measure temperature distribution of the thin gold
structure undergoing Joule heating. In prior experiments,
the calibrated TR coefficient shows good agreement with
the experimental work of Beran [17]. However, the calibrated
TR coefficients under the illumination wavelengths of 470 and
530 nm yielded different values [8]. Whereas a temperature
measurement from Joule heating was possible at 530 nm,
the 470 nm data for the small interconnect lines were strongly
influenced by diffraction. In both cases, but more pronounced
at 470 nm, the size of the measurement sample affects the
quality of the result. The combined effects of vibration and diffraction cause spatial averaging and convolution (blurring), and
lead to mixing of the reflectance intensity of the gold film and
substrate. The amount of diffraction depends upon the wavelength, the size of the sample, and the interaction with background. When measuring on the gold pads (10 μm wide), the
thermal profiles obtained from the experiment for the wavelengths 470 and 530 nm match. The disagreement in the calibration and the measurement signal that exists over the narrow
interconnect (1 μm wide) samples motivates the development
of a diffraction-based model. We are not aware of any previous
work that has investigated methods to use thermoreflectance on
very narrow lines where diffraction has taken place. Grauby
et al. discussed this problem but suggested no solution for thermoreflectance measurement [18]. The present work develops a
model to characterize the diffraction based on the size of the
sample, wavelength of the illumination, phase shift of the signal
from the background, strength of the reflectance, and the apparent distance of the image. From fitting the model with the
experimental data, the unknown parameters of the experiments
are quantified. The parameters are the optical distance between
the specimen and the CCD, and the phase shift between the
signals resulting from the difference in the thickness of the
gold line and the substrate. Results are discussed in detail in
Section 4.
2. MATHEMATICAL MODEL

Fig. 1. Gold line sample used for electrical interconnect testing and
thermoreflectance testing in prior work [7,14]. (a) Top view of sample;
(b) section-view of sample; (c) microscopy-obtained reflectance intensity image under LED wavelength of 535 nm. Section a-a captures a
region of the gold line structure at 10 μm wide, whereas in Section b-b
the width is 1 μm.

The total reflected intensity imaged by the CCD is coming
from two different surfaces with different reflectivity, the gold
film and substrate. Accordingly, the mathematical model consists of two parts (Fig. 2): the reflectance intensity coming from
the metallic gold film and the reflectance intensity coming from
the background substrate. The two intensities are combined to
yield the total reflected intensity. Light coming from the gold
film is treated as diffraction through a slit due to the high reflectivity of gold. In the latter case, the reflected light coming
from the substrate is obstructed by gold thin film on its way to
the microscope. Hence, the reflection coming from the substrate is treated as diffraction past a strip.
We begin with the one-dimensional Fresnel formula of
diffraction [19]:
rﬃﬃﬃﬃﬃﬃﬃﬃ


Z
jk −jkz ∞
−jkx − x 0 2
dx 0 ;
e
Ex 0 ; 0 exp
Ex; z 
2z
2πz
−∞
(5)
where E is the electric field density at distance z, and k is the
wave number.
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The reflection coming from the substrate is treated as the
diffraction past a strip of the same dimensions as the slit shown
in Fig. 2(b). However the signal coming from the substrate is
travelling a longer distance 2 · δ as compared to the signal originating from the gold line, which results in a phase shift between
the two signals. The longer distance traveled accounts for the
transparent silicon dioxide layer between the gold film and the
reflective silicon substrate.
In the case of the strip
E 2 x; z  2δ  exp−jkz − φ


F∞ − Fv    Fv −  − F−∞
;
×
1−j

(9)

and the total diffracted field can be obtained as
E total  E 1  Γ · E 2 ;

(10)

where Γ is the ratio of the reflectivity of gold and the substrate
material.
Then the total reflected intensity
I total  E total · E total :

(11)

In the experiment, the intensity measured by CCD is in arbitrary units. The model quantified total intensity in physical
units. To compare the model with the experimental data,
the total reflected intensity obtained from model is multiplied
by the gain factor γ:
I model  γI total :
Fig. 2. Mathematical model setup composed of reflection from
the sample and substrate based on two simple diffraction models.
(a) Diffracted field for the gold line, where gold line is treated as slit.
(b) Diffracted field for the substrate, where gold line is treated as a strip
blocking the light reflected from the substrate.

The source is assumed to be a uniform incident field plane
wave
E inc x; z  E 0 e −jkz ;

(12)

3. EXPERIMENTAL SETUP
The experimental setup to perform normal reflectance intensity
analysis as a function of sample temperature is shown in Fig. 3.
It consists of an LED illumination source, CCD, optical microscope, sample holder, and acquisition equipment. A modified
Meiji Techno microscope Series MC-50T is used as the central
component of the system. A beam splitter is placed at the core
of the microscope to guide collimated incident rays, and an
aperture constrains the illumination beam onto the surface
of the samples. Reflected light is transferred through the beam

whose value at the slit is constant at
E inc x 0 ; 0  E 0 :
The slit is considered of infinite dimensions in the y direction
and, in the x direction, width is 2a as shown in Fig. 2(a). Then
the diffracted field for the slit from Eq. (5) is given by
rﬃﬃﬃﬃﬃﬃﬃﬃ


Z
jk −jkz a
−jkx − x 0 2
dx 0 :
e
exp
(6)
E 1 x; z 
2z
2πz
−a
The integral can be reformulated into a Fresnel integral with
the following change of variables [19]:
rﬃﬃﬃﬃﬃ
rﬃﬃﬃﬃﬃ
rﬃﬃﬃ
k
π
k
x 0 − x 
u & v 
a − x:
(7)
2z
2
πz
With the substitutions of Eq. (7) into Eq. (6), one obtains


Fv   − Fv − 
E 1 x; z  exp−jkz
;
(8)
1−j
where, Fv is the Fresnel integral.

Fig. 3. Schematic of thermoreflectance temperature measurement
experimental setup.
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splitter to the CCD. A 12-bit A/D Prosilica GE1380 CCD
camera is used to capture the reflectance intensity images.
Illumination is generated from Luxeon Star/O series LEDs.
The spectral characteristics of the two LEDs used in this research, as mentioned by manufacturer, are listed in Table 1.
A custom-designed heater microscopy stage assembly is used
to support samples while providing thermal control over a temperature range from ambient 20°C to 250°C [8].
The TR calibration coefficient κ is acquired prior to performing the measurements. Calibrations were performed for
the two LEDs of central wavelengths 470 and 535 nm.
Measurements of the sample temperature, T , and the normal
reflectance intensity I n T  over sufficiently large regions of the
material were used to compute κ. Under LED illumination
with a peak wavelength of 535 nm, the average value of the
calibration coefficient was −1.71 × 10−4 °C−1 with a standard
deviation of 0.19 × 10−4 °C−1 . Under LED illumination with
470 nm, the average value of the calibration coefficient was
1.76 × 10−4 °C−1 with a standard deviation of 2.1 ×
10−5 °C−1 . These values demonstrate good agreement with the
previous results of Beran for gold [17].
The second mode of the experiment is to acquire twodimensional TR images of the calibrated structure during
Joule heating. During this mode of operation, a function
generator, amplification circuitry, and a delay generator are
used to create a delay-locked loop tuned to acquire images
of the periodically heated sample during the quasi-steady heating and relaxation regimes. A reflectance intensity image of the
sample acquired under illumination at λpeak  530 nm is
shown in Fig. 1(c). Following the acquisition of the heated
and relaxed state images, processing was done for the computation of the temperature difference using TR coefficient and
Eqs. (2) and (3). During Joule heating experiments, adequate
manual correction of positioning with superposition of a
reference image and a focal metric calculation are performed
to correct for displacements due to the thermal expansion.
The thermal expansion of the system is estimated to be 0.3%
and does not result in a significant change in system size relative
to the wavelengths considered. Due to high optical absorption
of gold in the visible range, it was assumed during the experiment that the surface reflection is dominant and the film is
sufficiently thick to be considered optically opaque. At 100 nm,
the film thickness is 4.6 times the material’s absorption coefficient, which governs the exponential decay of the electromagnetic wave in the gold. TR response has been shown to be linear
over the calibration temperature range of 20°C–200°C.
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for increasing and decreasing current; however, for the same
sample, the temperature distribution under two different LED
wavelengths resulted in inconsistency.
In our calculations, the following two unknowns in the experiment are considered as fitting parameters: optical distance
z, the distance between the observed specimen and the imaged
plane; and phase shift φ, the shift in phase between the signal
coming from the gold line and the substrate. The optical distance is dependent on the overall imaging of the microscope
and is treated as a fitting parameter. The phase shift is dependent on the thickness of the silicon dioxide layer, which is an
increase in path length for the light to travel before reflecting off
the silicon substrate. While treated as a fitting parameter, the
phase shift must fall within a range consistent with this added
path length. The effect of different z values is shown on each
of the two components, in Fig. 4(a) for the slit a  4λ and
Fig. 4(b) for the same size strip. As can be seen from these
figures, the effect of diffraction is profound in the near field
when z  a, whereas it is more blurred for the far field when
z  50a. The Fresnel number (F  a2 ∕λz) in our cases spans
the range from 0.1 to 3.5, which is on the order of 1. The
Fraunhofer approximation is the limiting case when the optical
distance z is large and F ≪ 1. The Fresnel approximation is a
partial series solution that is accurate in the limit F ≫ 1, but
can also be applied in the range F ∼ 1 with lower accuracy due
to the truncated terms in the series [13,19]. For a consistent
approach, we have used the Fresnel calculation. The optical
distance z is an unknown in the experiment and is used as
a fitting parameter when the model is compared to the data.
The other two fitting parameters, reflectance ratio Γ and
gain parameter γ, are for normalizing the overall intensity in
the model with experimental data. The total reflectance intensity comes from two different surfaces, gold line and substrate,
with different reflectivity. Further, to consider the optical
absorption and the intensity of light source, the two diffracted
field intensities are combined in the model with the help of the
reflectance ratio Γ. The values of the material’s reflectivity at

4. RESULTS
The two-dimensional Joule-heating data for the sample were
taken using the experimental setup for the wavelengths of 470
and 530 nm. For a single wavelength, the results are repeatable
Table 1. Spectral Characteristics of LEDs
Color

λmin
(nm)

λpeak
(nm)

λmax
(nm)

Spectral half-width
Δλ1∕2 (nm)

Blue
Green

460
520

470
530

490
550

25
35

Fig. 4. Effect of distance z on diffracted field intensity for (a) slit
and (b) strip for different image plane distances from the sample.
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ambient temperature of 25°C depend upon the wavelength and
are available in the literature [20]. The last fitting parameter is
γ, a gain parameter that converts the normalized intensity signal
to the range on the CCD.
To fit the model parameters with experimental data, least
squares minimization is used to determine the best values
for z and φ, starting from initial estimates of their values.
This procedure is implemented in MATLAB. Since the experimental data are given in terms of averages of images from a
CCD camera, the least squares procedure also normalizes
the absolute image strength with a gain parameter and accounts
for the difference in reflectivity of the gold and the silicon substrate, which is consistent with published reflectivity for the two
materials.
During the experiment, the combined effects of vibration
and noise smooth out the data and result in an intensity profile
that lacks small-scale intensity signal variation seen in the
model. This real filtering is due to the integration over the
CCD pixels, physical vibration in the system, and diffraction
in the optics. Therefore, some additional spatial average is applied to the model data. The spatial average is performed by
calculating moving average over a window of 11 pixels, where
each pixel is 0.0539 μm in width. As the LEDs used in the
experiment are not monochromatic, the diffracted field and
hence the reflectance intensity calculated with the mathematical model is integrated over the spectral width and strength
of the LEDs. An attempt was made to take into account the
incoherent nature of LEDs by performing phase average.
Accounting for this wavelength variation did not significantly
change the nature of the intensity profile.
In Fig. 5(a), the model is compared with the experimental
data at the wide section for wavelength of 535 nm. The parameters used to generate these figures are summarized in Table 1.
Although not an exact match, the model shows very good qualitative agreement with the experimental data. At the edge of the
gold line, the model both underestimates and overestimates the
intensity. This is caused mainly by the edge diffraction effect
and limited experimental data available for the substrate signal.
This small-scale oscillatory behavior is smoothed in the experimental data because of averaging in the CCD, vibration in the
system, variation in the coherence of the light, and diffraction
due to thermal gradient in the air above the sample.
In Fig. 5(b), the model data are compared with the experimental data at the same wide section but for a different illumination wavelength, 470 nm. Similar matching of the model
and the experiment is observed. As the wavelength of illumination changes the reflectance, optical distance and phase shift
should change. The new values of these parameters for the
fitting are obtained from the algorithm confirmed in the theoretical values. The values are summarized in Table 2.
Figure 6(a) shows the fit for the narrow field at the wavelength of 530 nm. When moving from wide to narrow section
for the same wavelength, the optical distance should change
and as a result, the phase shifts. The values of these two parameters are varied to fit the model data to the experimental data.
As can be seen, the model data fits with the experimental data
except at the edge; again the model overestimates the experiment peaks.

Fig. 5. Plot of experimental data and model for 10 μm wide gold
interconnect for (a) λ  535 nm at Section a-a of Fig. 1(c) and
(b) λ  470 nm at Section a-a of Fig. 1(c).

Figure 6(b) shows the comparison of model and experimental data at the narrow section for the wavelength of 470 nm.
The overall reflectivity of gold at 470 and 530 nm is very different, around 0.4 to 0.6, and combined with the temperature
dependence of the reflectivity, the diffraction patterns of
both wavelengths along the gold line are different. By varying
the optical distance z the same amount as was done for 530 nm,
the model doesn’t provide a good fit with the experimental
data. Different values of z were tested, and the values listed
in Table 2 give good qualitative fit for the data.
Table 2. Values of Fitting Parameters z, φ, Γ, γ
Wavelength
(nm)
535
470

a
(μm)

z
(μm)

φ
(rad)

Γ

γ

5
0.5
5
0.5

20
3.75
15
5.75

2.2
2.2
2.12
2.12

0.64
0.64
0.9
0.9

3700
3400
2068
1068
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