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Picometer sensitivity metrology for EUV absorber phase

Stuart Sherwin ,a,* Isvar Cordova,b Ryan Miyakawa,b Markus Benk ,b

Laura Waller ,a Andrew Neureuther ,a and Patrick Naulleaub

aUniversity of California Berkeley, Department of Electrical Engineering and Computer Science,
Berkeley, California, United States

bCenter for X-Ray Optics, Lawrence Berkeley National Laboratory, Berkeley, California,
United States

Abstract. With growing interest in EUV attenuated phase-shift masks due to their superior 
image quality for applications such as dense contact and pillar arrays, it is becoming critical 
to model, measure, and monitor the intensity and relative phase of multilayer and absorber reflec-
tions. We present a solution based on physical modeling of reflectometry data, which can achieve 
single picometer phase precision and sensitivity to changes in average film thickness below one 
atomic monolayer. We measure absorber and multilayer reflectivity to determine thin-film 
parameters with a multidimensional optimization and then acquire a new measurement of either 
multilayer or absorber to determine perturbations in surface contamination thickness. While it is 
difficult to assess the accuracy of the first step, the simplicity of the second step allows us to 
characterize our sensitivity to changes in contamination thickness. We apply this analysis using 
an initial set of measurements and repeated measurements after a period of storage. For the 
multilayer, the total contamination growth was 1068 pm, which occurred almost exclusively
during storage (1085 pm) and decreased very slightly during repeated measurements (−17 pm). 
For the absorber, the behavior was quite different, with a total growth of 126 pm, which occurred 
much less during storage (28 pm) and primarily during repeated measurements (98 pm). 
Ultimately, the change in relative phase (absorber minus multilayer) was −0.86 deg for the 
multilayer and −1.12 deg for the absorber. We estimate the precision of the surface contami-
nation measurement to be 3σ < 6 pm for measuring thickness and 3σ < 0.2 deg for measuring 
phase. 

 

1 Introduction

In recent years, interest in EUV attenuated phase-shift masks (aPSMs) has increased, particularly 
for small-pitch dense patterns.1 A traditional absorber cannot create a high contrast image with-
out substantial bias due to the relative imbalance of the zero-order and scattered waves. An aPSM 
on the other hand uses destructive interference between the pattern (absorber) and the back-
ground (multilayer), thus reducing the power of the zero-order and transferring that power into 
the scattered waves. Therefore, an aPSM offers both higher contrast and throughput than a tradi-
tional absorber for these critical patterns.1 And yet the introduction of EUV aPSMs requires 
addressing the challenges of precisely measuring and controlling the phase. Particularly, we are 
concerned with the relative phase between the absorber and multilayer reflections at a defined 
reference plane, which we in this work take to be the topmost surface of the photomask, includ-
ing both the absorber and any contamination that might be present.

We present a reflectometry-based metrology solution that can measure the relative phase 
between multilayer and absorber with single picometer precision. The method requires measure-
ments of the absorber and multilayer reflectivity under varying illumination conditions. These
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−1.7 pm∕measurement (11 measurements) for the multilayer and 12.3 pm∕measurement (9
measurements) for the absorber. We estimate an overall change in the relative phase of −0.86�
0.1 deg ½3σ� for the multilayer and −1.12� 0.16 deg ½3σ� for the absorber.

Section 2 defines the mask geometry and experimental conditions. Section 3 defines the
mathematical model and optimization approach. In Sec. 3.1, we describe the Fresnel coefficient

measurements are then used in a multidimensional nonlinear least-squares regression to deter-
mine a possible physical model for the multilayer and absorber; we can then compute the Fresnel 
reflectance from the physical model to extract the relative phase of multilayer and absorber. 
Subsequent measurements of the absorber and multilayer can then be used to determine changes 
in the surface contamination thickness from a brute-force single-dimensional nonlinear least-
squares regression.

While the claim of extracting phase from measurements of only amplitude may at first seem 
dubious, the Kramer’s-Kronig relations imply that there is a unique relationship between the 
phase and amplitude of an analytic function (such as, the reflection coefficient).2 Therefore, any 
analytic function that matches the measured amplitude over a sufficiently large wavelength range 
must match the phase of the true reflection coefficient. By construction, our computed Fresnel 
coefficient will always be analytic, because it is composed of analytic functions of the tabulated 
atomic scattering factors,3 which are themselves analytic. Furthermore, our Fresnel coefficient 
cannot be simply any analytic function; it is greatly restricted in what values it can take on by 
prior knowledge of the mask. Prior knowledge comes in several forms: the known wavelength-
dependence of each material’s refractive index, the nominal thickness for each layer, and a meas-
urement of the top surface roughness conducted by atomic force microscopy (AFM). This allows 
us to restrict the range of variables, which given strict enough bounds should mitigate remaining 
ambiguities so that any solution that matches the measured reflectivity for both multilayer and 
absorber to sufficient accuracy within the variable bounds should also provide an accurate pre-
diction of the relative phase.

At the same time, there is certainly still room for further studies into the absolute accuracy to 
assess the exact requirements on the range of illumination conditions and prior knowledge. 
Additional prior knowledge could also be obtained from supplemental measurements such 
as grazing incidence reflectometry to measure the refractive index. So while we expect that the 
initial multidimensional optimization should be able to accurately measure the phase given 
enough data and enough prior information, nonetheless to quell any remaining fears about 
the uniqueness of the solution to the multidimensional optimization, we restrict our major 
claims to the precision of the secondary single-dimensional nonlinear least-squares regression 
used to determine changes in contamination thickness on the top surfaces of the absorber and 
multilayer. In this way, we hope to demonstrate that at the very least our approach is highly 
repeatable and sensitive to small changes while leaving the door open to future studies into 
absolute accuracy.

We validated our technique on a test mask that has a standard 40 bilayer Mo-Si multilayer 
mirror and a 60-nm TaN absorber. We performed an initial reflectivity measurement for the 
multilayer and 2 months later for the absorber. After an additional 3 months, we repeated 
both multilayer and absorber measurements back-to-back. We observed a substantial change 
in the multilayer signal during storage, but during the repeated measurements, the signal was 
relatively stable. In contrast, the absorber changed systematically during both storage and 
measurement.

We hypothesized that the most likely explanation for contamination would be a thin carbon 
film growing on top of the multilayer and absorber, based on previous studies of carbon con-
tamination on EUV multilayers and Ta-based absorbers depending on storage conditions and 
EUV exposure.4–6 Therefore from this point forward, we hold all other parameters constant and 
adjust only the carbon layer thickness on either the multilayer or absorber when assessing the 
repeatability of the technique; this assumption allows us to use a simple brute-force search that 
guarantees convergence to a unique optimal solution (given a fixed initial model and a set of 
reflectivity measurements). This allows us to quantify changes in the carbon film thickness 
and the relative phase. During storage, we estimate the change in carbon contamination 
thickness to be 1068 pm for the multilayer (over 5 months) and 28 pm for the absorber (over 
3 months). During the reflectivity measurement, the contamination rates were approximately



Fig. 1 Photomask schematic depiction of reflections from absorber and multilayer. Absorber
layers from top to bottom are: TaON–TaN–Ru–(Si–MoSi–Mo–MoSi)x40. Multilayer uses the same
film-stack, with an additional etch depth parameter to replace etched layers with vacuum.
Additional C layers are added on top of the absorber and multilayer, representing contamination.

 model and the mean-squared error (MSE) objective function used in our optimization. In 
Sec. 3.2, we discuss our choice of optimization algorithm for the initial multidimensional opti-
mization. We wrap up discussion of computational methods in Sec. 3.3, where we describe the 
brute-force search used for the carbon contamination measurements. Section 4 presents the 
results of both optimization steps. In Sec. 4.1, we present the initial model, which demonstrates 
the ability of our technique to find at least some solution matching the measured reflectivity. 
Then, in Sec. 4.2, we show clear trends revealed by the brute-force search for carbon contami-
nation on the absorber and multilayer. In Sec. 5, we analyze the phase recovered from the mod-
eled Fresnel coefficient. In Sec. 5.1, we define the effective propagation distance of the reflection 
coefficient for both multilayer and absorber and discuss some of its implications on imaging. In 
Sec. 5.2, we discuss how this single absorber has not one but a range of phase values for different 
illumination conditions. In Sec. 5.3, we describe the interference effects in multilayer and 
absorber reflections, particularly how transmission alone is insufficient to predict the relative 
phase or to model the impact of contamination. Finally, in Sec. 5.4, we quantify the precision 
of our method, considering random and systematic error.

2 Experimental Methods

We characterize an EUV photomask using measurements of reflectivity from pure multilayer and 
absorber regions on the mask, taken at the Advanced Light Source Calibration, Optics Testing 
and Spectroscopy Beamline 6.3.2.7 In each reflectivity measurement, we illuminate a flat spot on 
the photomask with a defined wavelength and angle of incidence and measure the reflected 
intensity; we sequentially repeat this process over a range of wavelengths and angles to produce 
a scan of reflectivity.

Figure 1 shows a cross-sectional view of measuring multilayer and absorber reflectivity. The 
reflectometer measures the amplitude-squared of the reflection coefficient of each region; our 
goal is to extract the relative phase between these two reflections. To define the phase, we must 
specify a reference plane, which we define as the topmost surface of the photomask. Although 
this reference plane may not necessarily coincide with the plane of best focus, it is a very natural 
choice because it is the lowest possible reference plane that is completely above the surface. If we
assume an absorber of thickness t and index of refraction ñ ¼ 1 þ δ − iβ, then the relative phase 
would be 2tkzδ (the factor of 2 arising due to reflection). However, as discussed in Sec. 5.3, it is
not sufficient to only consider light transmitted through the absorber, because there is also a 
substantial effect due to interference with light reflected by the absorber, which is captured 
in the rigorous Fresnel reflection coefficient calculation. One counterintuitive aspect of this 
approach to keep in mind is that the reference plane now depends on the thickness of contami-
nation on the absorber; if the focal plane was not adjusted to compensate, then in the far-field 
image you would observe changes in both phase (scattering) and focus (imaging).

The multilayer nominally consists of a 2.5-nm Ru cap as well as 40× Mo–Si bilayers; the 
“bilayers” actually contain four layers rather than two in our model, as an additional MoSi inter-
diffusion layer is added at both the Mo–Si and Si–Mo interfaces.8 The absorber has an additional 
58-nm TaN absorber topped with a 2-nm TaON antireflection coating (ARC) layer; note that the 
ARC is to reject out-of-band DUV light and not to suppress the reflection of EUV. The measured



determines a nominal refractive index: nm ¼ 1 − δm þ iβm ¼ 1 − na;mraλ2

2π ðf0;m þ if1;mÞ. If a
layer is composed of a set of materials, where material m has an atomic density of wmna;m,
we compute the refractive index with a weighted sum: n ¼ 1 − δþ iβ ¼ 1 −
ðPmwm½δm − iβm�Þ. Our model contains a total of N ¼ 101 wavelengths, M ¼ 7 materials, and
K ¼ 10 layers, meaning that we must predict a total of 1010 values for a complex refractive
index. The above model suggests that we may greatly reduce the dimension of the problem
by controlling each layer’s wavelength-dependent complex refractive index, N ∈ CN×K , via the
much smaller matrix, of each layer’s concentration of each element, W ∈ RM×K , and a matrix
containing the nominal δ − iβ for each material, A ∈ CN×M. ðNÞn;k is the complex refractive
index in layer k at wavelength n; ðWÞm;k is the concentration of element m in layer k; and
ðAÞn;m is δ − iβ for element m at nominal atomic density for wavelength n. Finally, we compute
the wavelength-dependent refractive index matrix for all layers as N ¼ 1 − AW. Because most
layers consist of only one or two materials, only 14 of 70 concentration matrix elements are
nonzero, allowing us to control a 1010-element complex valued matrix N via only 14 positive
real numbers inW. We report the fitted concentration values in 7.3, and in Table 1, we report the
resulting refractive index of each layer at λ ¼ 13.5 nm.

Table 1 Physical model for the film-stack. “Multilayer” layers (Ru, Si, MoSi, Mo, MoSi) are
common to absorber and etch. On top of these are either the three “absorber” layers (C,
TaON, TaN) or “etch” layers (Vac, C, TaN). If TaN (Etch) is positive, then some absorber remains
unetched; on the other hand if it is negative (as it is here) then some of the Ru has been etched.
Roughness is RMS surface roughness. Index of refraction at λ ¼ 13.5 nm is ~n ¼ 1 − δþ iβ.

Thickness Roughness Delta Beta

C (absorber) 1.683 0.327 0.046 0.008

TaON (absorber) 1.857 0.373 0.028 0.020

TaN (absorber) 58.110 0.346 0.046 0.033

Vac (etch) 58.105 0.000 0.000 0.000

C (etch) 3.854 0.159 0.046 0.008

TaN (etch) -0.311 0.000 0.046 0.033

Ru (multilayer) 2.151 0.141 0.120 0.018

Si (multilayer) 3.625 0.136 0.001 0.002

MoSi2 (multilayer) 0.568 0.140 0.025 0.004

Mo (multilayer) 1.858 0.141 0.074 0.006

MoSi2 (multilayer) 0.919 0.138 0.029 0.005

 

“multilayer” is actually an absorber that has been etched, so we model this with an additional 
etch depth parameter, which can either represent residual TaN thickness (if positive) or reduced
Ru thickness (if negative); the nominal value is −0.2 nm, meaning that nominally the Ru would 
be 0.2 nm thinner after etch than it is under the absorber. We further place a layer of pure carbon 
on top of the absorber and multilayer to represent contamination.

The refractive index of each layer is based on the atomic composition of the layer and the 
atomic scattering factors of the constituent elements.3,9 We use the atomic scattering factors, f0, 
f1, in the Center for X-Ray Optics database to capture the wavelength-dependent changes in 
absorption and refraction for each element.3 For soft x-ray and EUV wavelengths, the refractive
index can be approximated as n ¼ 1 − δ þ iβ ¼ 1 − na

2
r
π
aλ

2 ðf0 þ if1Þ, where na is the atomic 
density, ra is the Bohr radius, and λ is the wavelength; in the case of a multiatomic material,
one can then sum up the impact of each material on δ and β.10 For each material, m, we define a
nominal concentration na;m, which, together with the tabulated scattering factors f0;m, f1;m,



Nominal roughness values were obtained by AFM measurement of the top surface, which
found 134 pm of RMS roughness on the multilayer and 382 pm on the absorber. The 134 pm of
roughness on the multilayer was also used to apply a constant 1.95% reflectance loss to the
multilayer (impacting both multilayer and absorber reflections), based on previous empirical
measurements of power losses due to replicated surface roughness in EUV masks.11 The final
thickness, roughness, and refractive index of each layer are listed in Table 1. The full table of
fitted parameters is also listed in 7.3.

We measure the reflectivity for both multilayer and absorber over a range of wavelengths
(12.5 to 14.5 nm) and angles (4 deg to 8 deg), shown in Fig. 2. We carried out our measurements
multiple times to characterize changes over time as well as precision. Ultimately, we acquired an
initial multilayer measurement, followed 2 months later by an initial absorber measurement,
followed 3 months later by an additional 11 multilayer and 9 absorber measurements at the same
mask locations collected back-to-back (all multilayer followed by all absorber measurements).
Note that a dotted line is used to connect absorber measurements 8 and 9, when the light source
was temporarily down.

We observe the reflectivity in both absorber and multilayer regions changing over time,
shown in Fig. 3; here, R0 denotes the initial reflectivity measurement for all wavelengths and
angles, and Ri denotes the i’th subsequent measurement. We plot the data both in terms of the
RMS change over all wavelengths and angles [Fig. 3(a)], as well as the average change again

over all wavelengths and angles [Fig. 3(b)]. The RMS change (¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hR2

i − R2
0i

p
) is a metric of the

distance of Ri from R0, adding up the magnitude of change across the entire signal and can only
be positive; the average change (¼ hRi − R0i) sums up all changes to reflectivity regardless of
where they occur in the signal, and it can be either positive (increased total power) or negative
(decreased total power). There is a 4.6% RMS (−0.89% average) change in the multilayer signal
as a result of storage between the initial measurement and the subsequent measurements (5
months) but then relatively little change over the remaining measurements. The trend for the
absorber on the other hand is quite different: there is a relatively smaller 3.4% RMS
(þ2.7% average) change after the first measurement (3 months), followed by a clear increasing
trend for both metrics. This suggests that contamination of the multilayer occurred almost exclu-
sively during storage, whereas contamination of the absorber occurred both during storage and
exposure. Also note that whereas the multilayer reflectivity decreases on average due to con-
tamination, the absorber reflectivity actually increases, which can only be understood by con-
sidering the interference between the reflected and transmitted components in the absorber,
further described in Sec. 5.3.

We hypothesize that the changes in both the multilayer and absorber are likely due to carbon
contamination on the top surface, which has been observed growing in both storage4,6 and during
exposure,4 as well as being cleaned during exposure in a scanner environment.6 The differing
contamination behaviors observed for multilayer and absorber are intriguing. Regarding the
seemingly faster contamination rate of the multilayer during storage, we refrain from speculating

Fig. 2 Reflectometry raw data scan of wavelength (y ) and angle (x ) for (a) multilayer and
(b) absorber. Note that the absorber reflectivity differs strikingly from the multilayer, with a drop
in reflectivity near the multilayer’s peak. This is due to destructive interference between a dominant
component reflected by the multilayer and attenuated by the absorber transmission squared, and
a much weaker modulation component reflected from the absorber only.



due to insufficient data. On the other hand, there is a clear physical explanation for why we
would observe the steady contamination during reflectivity measurement only in the absorber
due to its much higher EUV absorption, which should create a steady stream of escaping sec-
ondary electrons that can “crack” hydrocarbon molecules in the chamber and allow freed carbon
to bind to the surface.

3 Computational Methods

3.1 Problem Statement

We parametrize each layer of our mask by a thickness and a concentration of each elemental
species and parametrize each interface by its RMS surface roughness. Given all these physical
parameters, we compute the Fresnel reflection coefficient12–14 and compare its amplitude
to a measurement of reflectivity versus wavelength (λ) and angle (θ). We then perform an iter-
ative optimization to find a set of physical parameters that minimizes the MSE.Wewrite the error
E as

EQ-TARGET;temp:intralink-;sec3.1;116;199Eðx1; x2; : : : ; xmÞ ¼
1

n

Xn
i¼1

�
jrðx1; x2; : : : ; xm; λi; θiÞj −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rmeasðλi; θiÞ

p �
2

;

where x1; x2; : : : ; xm are the unknown variables, r computes the Fresnel reflection coefficient,
Rmeas is the measured reflectivity, and fλi; θigni¼1 are the measured pairs of wavelengths and
angles. We express our nonlinear least squares optimization problem as

EQ-TARGET;temp:intralink-;sec3.1;116;114 min
x1;: : : ;xm

Eðx1; : : : ; xmÞ:

Fig. 3 Changing reflectivity over time for multilayer and absorber. R0 denotes the initial reflectivity
for all wavelengths and angles, and Ri denotes the i ’th subsequent measurement. The multilayer
experiences a change of 4.6% RMS (−0.89% average) as a result of storage (5 months), but then
relatively little change over the remaining measurements. On the other hand, for the absorber
there is a relatively smaller change of 3.4% RMS (þ2.7% average) after the first measurement
(3 months), followed by an increasing trend for both metrics. A dotted line is used to connect
absorber measurements 8 and 9, when the light source was temporarily down.



m m

EQ-TARGET;temp:intralink-;sec3.2;116;640min
xj

Eðxk1; : : : ; xkj−1; xj; xk−1jþ1; : : : ; x
k−1
m Þ ¼ min

xj
fj;kðxjÞ:

We solve each 1D subproblem with a golden-section search, which is a derivative-free opti-
mization technique closely related to binary search.16,18 The well-known zero-finding algorithm
binary search shrinks the distance between two points by a factor of 2 each iteration and con-
verges to a zero, and the golden-section search shrinks the distance by a factor of the golden ratio
ϕ ¼ 1þ ffiffi

5
p
2

each iteration and converges to a local minimum between the initial bounds. We
denote the golden-section search algorithm as

EQ-TARGET;temp:intralink-;sec3.2;116;528x� ¼ GSS½fð·Þ; L; U;N�;

where fð·Þ is the function to be minimized, L is the initial lower bound, U is the initial upper
bound, and N is the number of iterations. The algorithm is outlined in detail in 7.1.

In each iteration, we apply this suboptimization to fj;k, using bounds centered around the
current iterate xk−1j , with a radius Δj;k ¼ Δjγ

k−1 such that L ¼ xk−1j − Δj;k and U ¼ xk−1j þ Δj;k.
Here, Δj is the initial search radius, which is chosen to be a fraction β (0 < β < 1) of the distance
between the upper and lower variable bounds, UBj and LBj, respectively: Δj ¼ βðUBj − LBjÞ.
On each iteration, the search radius shrinks by a factor of γ (0 < γ < 1), making the search on
each iteration more refined than the previous. We write this suboptimization as

EQ-TARGET;temp:intralink-;sec3.2;116;396x�j ¼ GSS½fj;kð·Þ; xk−1j − Δj;k; xk−1j þ Δj;k; N�:

After completing the golden-section search, we update xj with a convex combination of the
previous and new value using some α (0 < α < 1):

EQ-TARGET;temp:intralink-;sec3.2;116;337xkj ¼ αx�j þ ð1 − αÞxk−1j :

In practice, we use an α value slightly below 1 (e.g., 0.9), which is equivalent to slightly
reducing the step size for each update. Reducing the α value slows down convergence but
generally helps improve the stability. An advantage of this approach is that golden-section
search does not require us to perform any cumbersome gradient or Jacobian computations
for the Fresnel reflection coefficient (unlike other approaches such as gradient descent or
Gauss–Newton).19

3.3 Contamination Measurement

After performing this multidimensional optimization based on the initial multilayer and absorber
measurements only, we freeze all parameters except the thickness of carbon contamination. Then
for each measurement, we perform a brute-force search, evaluating a range of thicknesses from 0
to 8 nm and choosing the thickness with the lowest MSE. For measuring the contamination on
the absorber, we use the first multilayer measurement and change only the measurement of the
absorber and vice versa for contamination on the multilayer. The simple brute-force optimization
algorithm used in this final step should help allay fears about the physical accuracy of the initial
optimization, because any remaining errors in the physical parameters are held constant for all
measurements. All claims about sensitivity and precision to thickness and phase are based solely
only on this secondary brute-force optimization (which is guaranteed to find the global opti-
mum), rather than the initial multidimensional optimization (which is not). Furthermore,

3.2 Initial Multidimensional Optimization

We choose a relatively simple yet seemingly robust method for our optimization, namely cyclic 
coordinate descent,15 solving each one-dimensional (1D) subproblem with golden-section 
search.16,17 In this method, we cycle through the unknown parameters (cyclic), optimizing the 
function with respect to only one parameter at a time (coordinate descent). We initialize with
fxj0gj¼1 and obtain fxjkgj¼1 after k complete cycles. In each cycle, we loop through all coor-
dinates and update one at a time. The subproblem for unknown xj on iteration k is



Fig. 4 Modeled reflectivity versus kz . Comparison of raw (black) and fitted (red) reflectivity based
on initial 31 parameter fit, demonstrating the ability to find a solution consistent with the data.

regardless of the physical correctness of the global optimum of this function, as long as there is a 
sufficient gap in MSE from the next lowest local minimum, then the global optimum will be 
chosen robustly and the precision will simply be due to the curvature of the minimum and the 
noise in the measurement, exactly like a linear regression. Still, we acknowledge that unless 
almost all physical parameters are known in advance, this reflectometry phase measurement 
may not be absolutely accurate but should remain highly repeatable and sensitive to small 
changes. Future work is still needed to study the absolute accuracy of this method, and it is 
possible that accuracy can only be guaranteed with additional measurements, for example, 
AFM to measure the surface roughness (which is included in these results) or grazing incidence 
reflectometry to measure the refractive index (which is not).

4 Results

4.1 Initial Optimization

We perform our initial fit on the first reflectivity scan only (each consisting of 505 measure-
ments) for multilayer and absorber, fitting 31 physical parameters using in total 1010 reflectivity 
measurements. We specify initial values as well as upper and lower bounds for each variable 
(listed in 7.3), which restricts the domain of our search to a 31-dimensional box. We then loop 
through variables updating one at a time iteratively to increase the fidelity of the model to the 
measured reflectivity as described in Sec. 3.2 and 7.2. The predicted amplitude of the initial fit is 
shown in Fig. 4 alongside the experimental measurement. Note that both experiment and fit are
plotted as a function of kz (¼ 2π cos θ∕λ), whereas the actual experimental data are collected as a 
function of both λ and θ. This simplification is possible because over this measurement range
the reflectance has very little dependence on the transverse wave vector due to the planar sym-
metry and the relatively small range of measured angles. We perform this compression only for 
ease of visualization, which is to say that the actual Fresnel coefficient calculation takes into 
account both the wavelength and angle. This approximation does lead to a faint amount of ap-
parent “noise” in Fig. 4, which is in fact not noise but rather the manifestation of slight reflec-
tance variation orthogonal to kz. While there is certainly no mathematical guarantee about the 
uniqueness of our solution, Fig. 4 shows that our optimization procedure can at least find some 
physical solution consistent with the data. More likely than not some physical parameters may be 
“compensating” for others and possibly introducing some systematic errors in the prediction. 
However, this issue (if present) could be resolved given a sufficiently accurate initial guess and 
sufficiently tight bounds on each variable, which may require that additional supplementary 
measurements be performed. The final physical model for thickness, roughness, and refractive 
index is presented in Table 1, but again we stress that this is merely one possible physical model 
rather than the only possibility consistent with the data.



4.2 Contamination Measurement

Following this initial optimization, we freeze the model and perform a brute-force search for the
carbon contamination thickness corresponding to each multilayer and absorber measurement.
This is shown in Fig. 5 for multilayer (a) and absorber (b). The leftmost plot shows the
MSE versus carbon thickness for each measurement, and the black dots show the optimal values.
For the multilayer, there is a clear separation between the first and later measurements, whereas
all the absorber measurements are closely clustered. The middle plot shows the carbon contami-
nation thickness for each measurement, which clearly shows the sharp jump in contamination on
the multilayer as opposed to the steady increase on the absorber. The rightmost plot shows how
the contamination impacts the relative phase value (absorber phase minus multilayer phase). The
multilayer contamination causes the phase to jump down by −0.86 deg and then remain approx-
imately constant, whereas the absorber contamination causes the phase to gradually decrease by
−1.12 deg. Note that both are changing in the same direction, meaning that the combining the
two effects would imply a −1.98 deg change in the relative phase.

Two somewhat counterintuitive observations arrive from these results: first, a smaller change
in the absorber contamination thickness (126 versus 1068 pm) causes a larger change in the
phase (−1.12 deg versus −0.86 deg); and second, the growth of the same material on absorber
and multilayer causes the same sign of change in the relative phase (absorber phase minus multi-
layer phase). Both these apparent mysteries are caused by interference effects, discussed in
Sec. 5.3. If we accounted only for transmission, then the phase shift from a change in thickness
would be ð�Þ2tkzδ, corresponding toþ0.31 deg and −2.59 deg for the absorber and multilayer,
respectively. As expected, the signs are opposite, and the magnitude of the change in phase is
proportional to the change in thickness. But the interference impacts both the multilayer
and absorber reflections, leading to a smaller value with the same sign for the multilayer
(−0.86 deg versus −2.59 deg) and a larger value with opposite sign for the absorber
(−1.12 deg versus þ0.31 deg). These substantial deviations from the simplified transmission

Fig. 5 Carbon growth on multilayer (top) and absorber (bottom): single parameter fit to model
contamination. (a) MSE versus carbon thickness; black dots show optimal value for each meas-
urement. (b) Recovered carbon thickness: increases sharply for multilayer during storage but not
measurement; increases systematically during both storage and measurement for absorber. A
dotted line is used to connect data points before and after storage, and in the absorber between
measurements 8 and 9 when the light source was temporarily down. (c) Relative phase between
absorber and multilayer; total change of −0.86 deg for multilayer and −1.12 deg for absorber.



Fig. 6 Recovered phase based on fitted Fresnel reflection coefficient from initial 31 parameter fit
for absorber (blue), multilayer (red), and relative (yellow). The partial derivative ∂ϕ∕∂kz represents
an effective propagation distance. The absorber has a significantly larger effective propagation
distance than the multilayer (279 versus 240 nm), which will impact the M3D effects.

 

model can be attributed to interference effects in the reflection, which are explored further 
in Sec. 5.3.

As to the question of how we could possibly be sensitive to thickness changes smaller than an 
atomic monolayer, the answer is that we are measuring an average thickness across the area of 
the beam. While the contamination must consist of an integer number of atoms, due to nonun-
iformity, it need not consist of an integer number of atomic monolayers. In this way, we can 
detect changes averaging only a fraction of a monolayer across the beam spot.

5 Analysis

5.1 Effective Propagation Distance
From our initial model, we can extract the phase as a function of kz, shown in Fig. 6. In addition 
to the relative phase shift between multilayer and absorber at the nominal operating condition
kz0 ¼ 2π cos 6 deg ∕ð13.5 nmÞ, we can also use our model to obtain useful information about 
mask three-dimensional (3D) effects from the partial derivative ∂ϕ∕∂kz. This derivative repre-
sents an effective propagation distance for each reflection coefficient. The effective propagation 
distance for the multilayer is 240 nm, including both reflection by the multilayer and transmis-
sion twice through vacuum of equal height to the absorber. The propagation distance for the 
absorber on the other hand is 279 nm, an increase of 39 nm (17%). Pattern translation as a
function of illumination angle is proportional to this propagation distance (Δx ¼ ∂

∂
k
ϕ

z 
tan θ), 

meaning that for this mask light reflected from the absorber will translate 17% further than light
reflected from the multilayer, which should impact mask 3D (M3D) effects. Bear in mind, how-
ever, that these numbers, as they are derived from the initial optimization, which is not guar-
anteed to find a uniquely optimal solution, must still be taken with a grain of salt and should be 
further confirmed with other measurements. It may be the case that the actual numbers differ 
from those presented. However, the same qualitative effects would be present albeit with pos-
sibly a different magnitude.

5.2 Phase Variation Across the Source
In addition to impacting M3D effects, the 39-nm difference in effective propagation distance 
between multilayer and absorber will cause the pattern phase to depend on the illumination 
condition, that is to say the same absorber will have different phases from different source
points. Variation in kz across the source could arise from variation in either angle or wavelength.
For this mask, a 2% change in wavelength would cause a phase shift of Δϕλ ¼ ð∂ϕ∕∂kzÞk0ð2%
Þ ¼ 21.0 deg. A change in angle from one edge of the pupil to the other (Y,



shadowing orientation) would cause a phase shift ofΔϕθy ¼ ð∂ϕ∕∂kzÞk0½cos θmin − cos θmax� ¼
18.3 deg and 13.5 deg for the 0.33 and 0.55 NA systems, respectively; the effect is somewhat
mitigated in the higher NA system due to the increased magnification and decreased chief-ray
angle. On the other hand, we observe the opposite trend in the X direction due to increased mask-
side NA, where the variation increases from 3.6 deg to 10.1 deg. These effects are summarized in
Table 2.

The fact that images from different illumination angles (and wavelengths) can span such a
wide range of phase shifts will surely have consequences for imaging and therefore should be
considered in designing future EUVaPSMs. Quantifying the severity of these effects and explor-
ing options for mitigation are open-ended problems that surely merit further study; here, we
propose just a few possible strategies for mitigation. In the case of low k1 (where there is the
most interest in EUV aPSMs to begin with), the required illumination will introduce substantial
M3D effects in source points far from normal incidence (positive uy); it may be possible to
equalize the contrast for source points with positive and negative uy by designing the absorber
phase primarily for positive-uy source points at the expense of the negative where M3D effects
are less severe to begin with. Another strategy, which could perhaps best accommodate arbitrary
sources, would be to design an absorber whose phase varies more slowly versus kz, which would
reduce the magnitude of this effect overall; in principle, this should be possible, particularly if
one were willing to use a more complicated absorber architecture. Finally, if the resolution
permits, one could simply restrict the source to reduce kz variation without redesigning the
absorber.

5.3 Interference Effects

To interpret the multilayer and absorber reflection coefficients, a simplified “transmission-only”
analysis will not suffice. For both the multilayer and absorber, we must consider the interference
between different reflections, which is rigorously accounted for in the Fresnel coefficient cal-
culation via the transfer matrix method12 in which each layer (j) is described by a 2 × 2 transfer
matrix Mj, and the overall reflection or transmission through a stack of layers is computed from
the product of all transfer matrices:M ¼ ΠjMj. Due to the associativity of matrix multiplication,
we may group together any set of layers without modifying the final result, so we define three
matrices MML, MAbs, and MEtch, which each contains the product of transfer matrices in the
respective group of layers.

The multilayer consists of N ¼ 40 repetitions of a four-layer unit cell (Si–MoSi–Mo–MoSi):
MML ¼ ðΠ4

j¼1MML;jÞN . The absorber consists of four layers (C–TaON–TaN–Ru):

MAbs ¼ Π4
j¼1MAbs;j. And the etch consists of three layers (Vac–C–Ru): MEtch ¼ Π3

j¼1MEtch;j.
The final transfer matrix in the absorber region of the mask is MAbsMML, and in the multilayer
region it is MEtchMML. The reflection from the transfer matrix is then given by r ¼ M2;1∕M1;1,
and the transmission is given by t ¼ 1∕M1;1.

A simplified “transmission-only” analysis would be equivalent to considering only tAbs0 ¼
1∕MAbs1;1 and tEtch0 ¼ 1∕MEtch1;1, then taking the ratio t2Abs0∕t2Etch0. However, this approach does
not capture the impact of interference between reflections from different layers, which can be

NA Δϕλ½2%� (deg) Δϕθy (deg) Δϕθx (deg) my mx θ0 (deg) θmax
y (deg) θmax

x (deg)

0.33 21.0 18.3 3.6 4 4 6.0 10.7 7.7

0.55 21.0 13.5 10.1 8 4 5.355 9.3 9.6

 

Table 2 Phase change across source for the 0.33 and 0.55 NA systems, based on recovered
∂ϕrel∕∂k z ¼ 39 nm. For both systems, a 2% λ variation leads to a 21.0 deg variation in the phase. 
The 0.33 NA system also has substantial variation in the Y direction (18.3 deg) but much less in X
(3.6 deg). In contrast, in the 0.55 NA system the variation is reduced in Y (13.5 deg) but greatly
increased in X (10.1 deg)



substantial, such as the destructive interference visible in the absorber reflectivity. A slightly
more advanced approach that can begin to explain these interference effects is to consider the
final reflection as the sum of two components: a dominant component that transmits twice and is
reflected by the multilayer and a much weaker modulation component that is reflected before
interacting with the multilayer. We write these components for the absorber as t2Abs0rML0 and

Fig. 7 Schematic illustration of decomposing multilayer reflection into dominant and modulation
components. Initial measurement: the amplitude of the dominant component is approximately the
amplitude of the multilayer reflection coefficient, whereas the amplitude of the modulation com-
ponent is approximately linear with kz . Final measurement: after the growth of ∼1 nm of carbon,
the amplitude of both components decreases uniformly. Difference: both the dominant and modu-
lation components are attenuated, but the overall reflection has increased amplitude for high kz

and decreased amplitude for low kz . Phase changes in opposite directions for the dominant and
modulation components, reducing the final change in phase. The final phase change contains a
slope due to the different effective propagation distances in the two components.



rAbs0, and for the etch as t2Etch0rML0 and rEtch0, where rML0; rAbs0, and rEtch0 areM2;1∕M1;1 for the
corresponding transmission matrix. This allows us to introduce the approximate reflection equa-
tions rabs ≈ t2abs0rML0 þ rabs0 and rML ≈ t2etch0rML0 þ retch0.

This interference process is shown in Figs. 7 and 8, which show the total reflection (blue)
with its dominant (red) and modulation (yellow) components. Note that all three components are
calculated from the product of multiple transfer matrices, so each component itself contains

Fig. 8 Schematic illustration of decomposing absorber reflection into dominant and modulation
components. Initial measurement: the amplitude of the dominant component closely follows the
amplitude of the multilayer reflection coefficient, whereas the amplitude of the modulation com-
ponent has additional features, such as the local minimum at kz0 (due to interference between the
four layers composing the absorber). Final measurement: after the growth of ∼100 pm of carbon,
there is a slight change in the relative intensities of the two highest peaks. Difference: observe the
changes due to contamination from final minus initial model. The left peak decreases and the right
peak increases by a similar amount. There are substantial changes in both modulation component
amplitude and the phase of both components.



As a result of contamination, both the dominant and modulation components are attenuated,
but the overall reflection has increased amplitude for high kz and decreased amplitude for low kz.
This overall amplitude change is due to the interference between the two components, specifi-
cally because the phase between the two components is decreased for high kz and increased for
low kz. The dominant component phase increases by roughly a constant, but the modulation
component phase decreases by a much larger amount in roughly a parabolic trend. This causes
the overall change in phase at kz0 to be much smaller than the change in phase from the dominant
component, hence why the simplified transmission-only analysis greatly overpredicts the change
in phase. Also note that the phase change of the final reflection has an overall negative slope with
kz, implying that the overall propagation distance is increased, i.e., the surface contamination
appears to push the reflection plane deeper into the multilayer.

In the case of the absorber, as shown in Fig. 8, the interference plays an even greater role in
forming the final reflection. Whereas the dominant absorber component is roughly just an attenu-
ated version of the multilayer, the final reflection amplitude oscillates around this value, with a
local minimum approximately where the multilayer attains its maximum. This local minimum is
easily observed in the raw data and is caused by destructive interference between the dominant
(t2abs0rML0) and modulation (rabs0) components. The components interfere destructively because
at kz0 (black vertical line) the phases of the dominant and modulation components are almost
exactly 0 deg and 180 deg, respectively. Also note that there is substantial kz variation in the
absorber modulation component itself; this would not be the case if it were simply a reflection
from the very top interface; however, kz variation arises because the modulation component itself
includes interference from the four layers comprising the absorber (C–TaON–TaN–Ru), captured
in the transfer matrix calculation.

Contamination on the absorber results in a negligible change to the amplitude of the dom-
inant component but a noticeable phase shift due to the additional optical path length of trans-
mission through carbon. On the other hand, the total amplitude clearly shows the left peak
decreasing and the right peak increasing (which is easily observable in the measured reflectivity
data). A similar trend is also seen in the changes to the modulation component amplitude, but the
final reflection has additional oscillations due to interference. The changes in the phase of the
final reflection oscillate by several degrees around the changes to the dominant component, again
demonstrating the importance of a rigorous Fresnel analysis rather than a simplified transmis-
sion-only analysis to assess phase effects.

5.4 Precision

In computing the precision, we exclude the initial measurements for both multilayer and
absorber to remove the impact of storage. In addition, we compute the 3σ precision in two ways:
using the raw data and using the residuals of a linear fit. Before taking the linear residuals, the 3σ
for contamination thickness is 8.0 and 30.8 pm for the multilayer and absorber, respectively, but
after removing the linear trend we obtain a better estimate of only the random component of the
variation, 3.5 and 5.8 pm. So the sensitivity to thickness on both multilayer and absorber surfaces
appears to be roughly similar and <6 pm. The corresponding precision for phase after accounting
for the linear trend is 0.16 deg for the absorber and <0.1 deg for the multilayer (Fig. 9).
However, the multilayer result being so low is likely not a general phenomenon, but rather seems
to be specific to interference effects in the multilayer reflection, whereby increasing the con-
tamination thickness shifts the phase of the dominant and modulation components of the multi-
layer reflection in opposite directions leading to a reduced overall phase shift. So the absorber

interference between multiple layers; furthermore, the approximate decomposition into domi-
nant and modulation components is purely for illustration, and the approximation is not used 
in computing the final reflection.

In the case of the multilayer region, shown in Fig. 7, the final reflection is almost entirely due 
to the dominant component, because the C and Ru have well over 90% transmittance but less 
than 10% reflectance. This leads to the relative imbalance of the dominant multilayer reflection
(t2etch0rML0) and the much smaller modulation (retch0). The greater slope ∂ϕ∕∂kz of the dominant 
component implies that it has a larger effective propagation distance, which is expected due to 
the effective reflection plane of the multilayer.



precision of 0.16 deg should be seen as the more representative estimate for the phase precision
of the technique.

6 Conclusion

We have presented a computational reflectometry technique to characterize the phase of an EUV
photomask via measurements of reflectivity from multilayer and absorber regions. A 31 param-
eter physical model was capable of producing a highly accurate match to the experimental reflec-
tivity data, although further studies are required to understand the absolute accuracy of the model
because the optimization is not guaranteed to find a uniquely optimal solution. We used the
physical model to extract the relative phase of the absorber and multilayer reflections, as well
as the phase partial derivative with respect to kz, which represents an effective propagation dis-
tance for each reflection coefficient. According to our model, the effective propagation into the
absorber (279 nm) is 39 nm further than the multilayer (240 nm); among other things this will
cause the phase to vary across the source. We then held our initial physical model fixed and used
a brute-force search to measure carbon contamination on the multilayer and absorber; this sim-
plified algorithm can guarantee convergence to a unique optimum for each measurement. We
found that the multilayer was contaminated substantially more during storage than the absorber
(1068 versus 28 pm), whereas during repeated EUV reflectometry measurements the contami-
nation actually slightly decreased on the multilayer but continued growing on the absorber
(−1.7 pm∕measurement versus 12.3 pm∕measurement). Although changes in absorber thick-
ness amounted to only a fraction of an atomic monolayer, we were able to measure the average
thickness of a nonuniform layer across the beam-spot to subatomic precision. Finally, we used
repeated measurements to quantify the method’s precision. The precision in measuring the con-
tamination thickness determined by the linear residuals was 3σ ¼ 3.5 and 5.8 pm for the multi-
layer and absorber. The precision for measuring phase based on the contamination thickness was
3σ ¼ 0.16 deg for the absorber and >0.1 deg for the multilayer. Therefore, we have demon-
strated single picometer precision for measuring both contamination thickness (3σ < 6 pm) and
phase (3σ < 0.2 deg ¼ 7.5 pm wavefront).

7 Appendix

An archived version of the code and data used to generate results and figures can be freely
accessed and executed through Code Ocean: https://codeocean.com/capsule/8800481/tree

Fig. 9 Precision 3σ of total and linear residuals for (a) multilayer and absorber relative phase and
(b) contamination thickness. First data point has been removed to remove the impact of storage
and only consider precision of repeated measurements. Taking the linear residuals is a rough way
to separate a systematic trend from noise. The multilayer trend has 3σ < 0.1 deg whether or not
we take the linear residuals. The absorber trend is highly systematic, so the precision is greatly
reduced from the raw data (3σ ¼ 0.82 deg) by taking the linear residuals (0.16 deg). Thickness
precision considering the linear residuals is 3σ ¼ 5.8 and 3.5 pm for the multilayer and absorber,
respectively.

https://codeocean.com/capsule/8800481/tree
https://codeocean.com/capsule/8800481/tree


7.1 Golden-Section Search Algorithm

7.2 Multidimensional Optimization Algorithm

Inputs:

f ð·Þ - Function to minimize

L - Initial lower bound

U - Initial upper bound

N - Number of iterations

a ¼ L # Lower bound

b ¼ U # Upper bound

ϕ ¼
ffiffi
5

p þ1
2 # Golden ratio

for i ¼ 1∶N # Loop over N iterations

c ¼ b − b−a
ϕ # Left intermediate point

d ¼ aþ b−a
ϕ # Right intermediate point

if f ðcÞ < f ðdÞ # c is more optimal than d

b ¼ d # Reduce upper bound

else # d is is more optimal than c

a ¼ c # Increase lower bound

return argmin
h
f ðaÞ; f ðbÞ; f

�
b − b−a

ϕ

�
; f
�
aþ b−a

ϕ

�i
# Return local optimum

Inputs:

fx0
j gmj¼1

- Initial parameter values

fLBjgmj¼1 - Lower bound for each parameter

fUBjgmj¼1 - Upper bound for each parameter

M - Number of overall (outer-loop) iterations

N - Number of iterations of GSS

β - Sets initial search radius

γ - Decay rate for search radius

α - Step size reduction for parameter update

fΔj ¼ βðLBj − UBj Þgmj¼1 # Initial search radius for each parameter

for k ¼ 1∶M # Outer loop

for j ¼ 1∶m # Cycle through coordinates

Δj ;k ¼ Δj γ
k−1 # New search radius

L ¼ maxðxk−1
j − Δj ;k ;LBj Þ # Lower bound

U ¼ minðxk−1
j þ Δj ;k ;UBj Þ # Upper bound

f j ;k ð·Þ ¼ Eðxk
1 ; : : : ; x

k
j−1; ·; x

k−1
jþ1 ; : : : ; x

k−1
m Þ # Function to minimize

x�
j ¼ GSS½f j ;k ð·Þ; L; U; N� # Sub-problem

xk
j ¼ αx�

j þ ð1 − αÞxk−1
j # Update parameter value

return fxM
j gmj¼1

# Return final parameter vector



Computations were carried out in Matlab on a Lenovo T470p running Windows X with an
Intel i7 CPU running at 2.9 GHz. The unit computation time was τ ¼ 23 μs; scaling factors were

Table 3

Minimum Nominal Fit Maximum

Thickness (nm) C (absorber) 0.000 1.390 1.683 6.000

Thickness (nm) TaON (absorber) 1.000 2.000 1.857 3.000

Thickness (nm) TaN (absorber) 56.000 58.000 58.110 60.000

Thickness (nm) Ru (absorber) 1.500 2.500 2.151 3.500

Thickness (nm) Si (mirror) 3.427 3.627 3.625 3.827

Thickness (nm) MoSi2 (mirror) 0.468 0.568 0.568 0.668

Thickness (nm) Mo (mirror) 1.658 1.858 1.858 2.058

Thickness (nm) MoSi2 (mirror) 0.819 0.919 0.919 1.019

Thickness (nm) Vac (etch) −0.500 −0.200 −0.311 0.100

Thickness (nm) C (etch) 0.000 4.410 3.854 6.000

Roughness (nm) C (absorber) 0.272 0.381 0.327 0.534

Roughness (nm) TaON (absorber) 0.272 0.381 0.373 0.534

Roughness (nm) TaN (absorber) 0.272 0.381 0.346 0.534

Roughness (nm) Ru (absorber) 0.096 0.134 0.141 0.188

Roughness (nm) Si (mirror) 0.096 0.134 0.136 0.188

Roughness (nm) MoSi2 (mirror) 0.096 0.134 0.140 0.188

Roughness (nm) Mo (mirror) 0.096 0.134 0.141 0.188

Roughness (nm) MoSi2 (mirror) 0.096 0.134 0.138 0.188

Roughness (nm) C (etch) 0.096 0.134 0.159 0.188

Concentration (%) TaON - Ta (absorber) 0.00 33.33 49.13 200.00

Concentration (%) TaON - N (absorber) 0.00 33.33 61.59 200.00

Concentration (%) TaON - O (absorber) 0.00 33.33 2.89 200.00

Concentration (%) TaN - Ta (absorber) 0.00 82.29 81.28 200.00

Concentration (%) TaN - N (absorber) 0.00 82.29 112.73 200.00

Concentration (%) Ru - Ru (absorber) 0.00 100.00 107.65 200.00

Concentration (%) Si - Si (mirror) 0.00 100.00 132.63 200.00

Concentration [%] MoSi2 - Si (mirror) 0.00 66.67 89.52 200.00

Concentration (%) MoSi2 - Mo (mirror) 0.00 33.33 31.68 200.00

Concentration (%) Mo - Mo (mirror) 0.00 100.00 97.45 200.00

Concentration (%) MoSi2 - Si (mirror) 0.00 66.67 125.74 200.00

Concentration (%) MoSi2 - Mo (mirror) 0.00 33.33 35.94 200.00

 

Hyperparameter values used were: α ¼ 0.9, β ¼ 0.02, γ ¼ 2−1∕25 ≈ 0.97. The computational 
complexity of this algorithm is OðmnMNÞ, where m is the number of parameters, n is the num-
ber of measured data points, M is the number of overall iterations, and N is the number of
iterations of golden-section search. The runtime has the same scaling except it is also multiplied 
by the time τ to compute the Fresnel coefficient for a single illumination condition.
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n ¼ 505, m ¼ 31, M ¼ 200, N ¼ 20, giving a total run time of approxi-mately τmnMN ≈ 24 
min.

7.3 Table of Parameters

Table 3 contains the minimum, maximum, nominal, and fitted values for all adjustable param-
eters in the multi-dimensional optimization. Fitted values correspond to the model presented in 
Table 1. Note that the fitted values should be regarded as merely one possible solution that fits the 
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interface above the listed surface. Concentration is as a percentage of a nominal concentration; n 
and k are calculated using a weighted sum of delta and beta from the CXRO database,3 as 
described in Ref. 9. Vac (Etch) thickness represents the etch depth, relative to the top of the 
Ru capping layer. If it is 0, then the etch perfectly stops at the Ru; a negative value (as we have 
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Columns from left to right are parameter name, lower bound for optimization, initial value 
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