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A thermomechanical model is developed to estimate the stress response of an oxide coating to elevated-
temperature chemical cleaning. Using a hafnia-silica multilayer dielectric pulse compressor grating as a
case study, we demonstrate that substrate thickness can strongly affect the thermal stress response of the
thin-film coating. As a result, coatings on large, thick substrates may be susceptible to modes of stress-
induced failure (crazing or delamination) not seen in small parts. We compare the stress response of
meter-scale optics to the behavior of small-scale test or “witness” samples, which are expected to be rep-
resentative of their full-size counterparts. The effects of materials selection, solution temperature, and
heating/cooling rates are explored. Extending the model to other situations, thermal stress results are
surveyed for various combinations of commonly used materials. Seven oxide coatings (hafnia,
silica, tantala, niobia, alumina, and multilayers of hafnia-silica and alumina-silica) and three glass
substrates (BK7, borosilicate float glass, and fused silica) are examined to highlight some interesting

results. © 2014 Optical Society of America
OCIS codes:
Other properties (stress, chemical, etc.).
http://dx.doi.org/10.1364/A0.53.005865

1. Introduction

During the development of processing techniques for
large optics, it is not always possible to test new
processing methods on full-size parts because of cost
and practicality limitations. Instead, small-scale test
pieces are used to learn about a material’s response
to a treatment (defect production, stress failure, etc.)
before committing to the process for the large part.
Small samples may also accompany full-scale parts
through manufacturing steps as “witnesses” to the
fabrication processes used. Witness optics may be
subjected to postproduction inspection and analysis
in place of the full-size product, which may be too
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large and unwieldy to undergo some analyses. To en-
sure the validity of results in extension to larger
parts, test and witness samples must be representa-
tive of their full-scale counterparts.

As a case study, we consider the chemical cleaning
processes used to strip photoresist and other resi-
dues from large multilayer-dielectric (MLD) pulse
compressor gratings following lithographic fabrica-
tion. At the Laboratory for Laser Energetics, hafnia—
silica MLD gratings are used for pulse compression
in the OMEGA EP Laser System’s two ultrashort-
pulse beamlines. Each grating segment is 47 cm
wide, 43 cm tall, and 10 cm thick. The final phase in
the production of these large optics is a cleaning step
that must completely remove contaminant materials
from the grating surface, including a thick layer
of baked-on organic photoresist [1,2]. OMEGA EP
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gratings are cleaned by spraying a heated acid pira-
nha solution (a mixture of hydrogen peroxide and
sulfuric acid) over the coated side of the grating.
The piranha spray station is depicted schematically
in Fig. 1, which shows a full-size OMEGA EP grating
being cleaned along with several witness parts.
Witness optics (typically 9-mm-thick, 100-mm-diam
wafers) are subjected to diagnostic tests in place of
the full-size product, including microscopy and laser-
induced damage threshold measurement.

The acid piranha solution is widely used to clean
delicate MLD pulse-compressor gratings because it
is a highly efficient, effective stripper for photoresist
and other organic matter [1-5]; however, the acid
piranha cleaning process is a source of defects and
other problems for the MLD coating. Large-scale
puckering [Fig. 2(a)], circular blistering [Fig. 2(b)],
tunneling (“telephone-cord”) delamination [Fig. 2(c)],
and delamination defects (Fig. 2(d); see also Ref. [6])
have been observed on witness and test grating
material after chemical cleaning. Delamination fail-
ure in layered materials is generally attributed
primarily to compressive coating stresses [7]. As a re-
sult, understanding the stress response of an MLD
coating to elevated-temperature cleaning is essential
in determining whether a given optic (coating,
substrate, geometry, etc.) and cleaning process
(chemical, delivery method, heating profile, etc.)
are compatible.

In this work we develop a thermomechanical
model to estimate the thermal stresses developed
during wet cleaning of a glass substrate with an
oxide coating. Coating stress distributions are com-
pared for two substrate thicknesses: a 100-mm-thick
substrate, representative of a full-size OMEGA EP
grating or other meter-scale optic, and a 10-mm-thick
substrate, representative of a small test or witness
piece. The effects of substrate material and size,
cleaning solution temperature, and heating and cool-
ing rates are examined. Results of this analysis are
used to establish the effectiveness of witness/test
material in predicting the behavior of a meter-scale
coated optic during elevated-temperature chemical
cleaning. We also identify modifications that could
be made to the cleaning process to mitigate the risk
of stress-induced failure. While this paper focuses on
a hafnia-silica MLD grating as a case study, similar
processing of coated optics may be encountered in a
variety of other wet-cleaning and manufacturing ap-
plications. The thermomechanical model is extended
to other commonly used substrate and oxide coating

Witnesses

Fig. 1. Schematic illustrating chemical cleaning of a full-size
OMEGA EP grating and several witness parts.
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Fig. 2. Examples of coating failure on MLD grating samples ob-
served after elevated-temperature chemical cleaning: (a) buckling
of the coating on a plasma-ion-assisted deposition (PIAD) grating;
(b) circular delamination on a reactive-evaporation (RE) grating;
(c) telephone-cord delamination on a PIAD grating; and (d) delami-
nation defects on a RE grating.

combinations in Section 4.D to identify and explore
some interesting trends.

2. Theory

Two situations were considered in the thermal analy-
sis: a finite-plate model, in which the substrate is
assumed to occupy a finite thickness L, and a semi-
infinite half-space model, in which the substrate is
assumed to be thermally thick. The geometry, coordi-
nate system and assumptions involved in the two
models are illustrated in Figs. 3(a) and 3(b), respec-
tively. For both models, we make the following
assumptions: (1) the heat conduction equation is sat-
isfied; (2) the temperature in the substrate T'(x,?)
depends on depth x and time ¢ only; (3) the cleaning
solution follows a controllable, piecewise-defined
temperature profile 7,(¢) that includes only linear
phases; (4) chemicals flow over the coated side of
the optic, leading to convection with the heated
solution at the free surface where x =0; and
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Fig. 3. Problem geometries and assumptions for (a) finite-plate
and (b) semi-infinite half-space heat transfer models.



(5) the presence of the thin-film coating has no effect
on heat transfer through the substrate. In the finite-
plate model, zero heat flux is imposed at the bottom
surface where x = L. For the semi-infinite half-space,
the temperature is only required to be bounded as
x — co. Note that assumption (2) implies that we
are solving the heat conduction equation in one spa-
tial dimension only: the substrate temperature is
assumed to be laterally homogenous [T'(x,y.z,t) =
T'(x,t)] and edge effects are assumed to be negligible.
Assumption (4) implies that we are exclusively con-
sidering the case of “one-sided” cleaning, including
situations in which chemicals are sprayed or flowed
over the coated surface, but excluding situations in
which the back side of the optic is exposed to the
heated chemical, such as submersion into a bath.

In the next two sections, we solve the heat
conduction equation to find the time-dependent tem-
perature distribution in the substrate T'(x, ¢) for each
case. Only the semi-infinite half-space problem as
described above can be solved in closed form,
whereas the finite-plate model provides a better rep-
resentation of most typical substrate geometries. The
validity of the two models for practical substrate
geometries is discussed in Section 3.C.

A. Finite-Plate Model

The one-dimensional heat conduction equation is
given by

2
=1 M
ox D ot
where T' = T'(x, t) is the temperature in the substrate
and D is the thermal diffusivity of the substrate
material (assumed independent of temperature).
The appropriate boundary conditions (BCs) for the
finite plate are convection with the cleaning solution

at the coated surface (x = 0) and zero heat flux at the
bottom of the substrate (x = L):

2 2(0.0) = ~hIT(0.0) ~ T, (0)]. @

oT
E(L’t) =0, 3)

where k& is the thermal conductivity of the substrate,
h is the heat transfer coefficient, and 7', (¢) is the tem-
perature of the piranha solution. The initial condi-
tion for the problem is

T(x,0) = To(x). 4)

Nondimensionalizing with a new spatial variable
& = 1-x/L, the problem becomes

PT 1207
k2 D at’
T&,0) = Toy(x),

oT hL hL

oT
E(O’t) =0, (5)

where in the new coordinate system, £ = 0 at the bot-
tom of the substrate and & = 1 at the coated surface.
This nonhomogeneous problem is solved (see, e.g.,
Boley and Weiner [8]) by breaking the temperature
T'(x,t) into steady-state and transient parts:

Tx,t) =Ts(x,8) +u®,?). (6)

The steady-state solution T (%, ) must satisfy the
partial differential equation (PDE) and both BCs
given in Eq. (5). Recall that a desired feature of
our model was that the chemical temperature profile
T,(t) can be piecewise-defined as a series of linear
phases. At this point, we consider only the first phase
of this temperature history and assume a linear time
dependence such that the temperature profile is
given by T,(t) = T, + rjt, where ry, is the heating
rate. [We account for the complete piecewise temper-
ature profile in the final model (see Section 3.A).] It
can be readily verified that a solution for 7', (%, ¢) that
satisfies the PDE and both BCs is

Ts(j(\f, t) == 01.722 + Cgt + C37

Lzl"h
Ci=>5p5-
Cz = rh,
_ kLI"h Lzrh
The problem for u(%,t) becomes
Fu_Lou_
&2 Do
ou hL
—(1 —u(l,t) =
7L +uly =0
ou
%(Ovt) - 07
L? kL L?

W&, 0) = T - Ty~ ot i 4 20 (g)

2D hD 2D’

which is a homogeneous PDE with zero BCs and can
be solved by separation of the variables, yielding
an infinite series solution for temperature in the
substrate:
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TG t) = Ty(&.1) + u(®.b),

Lzrh ~9 kLT‘h L2rh
Tsx.t) =Tpo+rpt+ oD X "D " 8D
2
u®,t) = ZA cos(4,%) exp( ALI; )
n=1
Lzrh

RLr;\ .
An - {2(T0 - TpO + hD ) 1n(ﬂn) - 2D_A2
x [4, cos(4,) — sin(/ln)]}//ln + cos(4,) sin(4,),
9)

where eigenvalues 4, are solutions to the transcen-
dental equation 4, tan(4,) =hL/k for n=
{1,2,3,...}.

B. Semi-Infinite Half-Space Model

The semi-infinite half-space problem is defined
identically to the finite-plate problem [Eqgs. (1)—(4)]
except for the BC at x = L, which is replaced by
the requirement that substrate temperature be
bounded for large x. Defining a new variable
T(x,t) = T(x,t) - Ty, the problem becomes

T _ 107
o2 Dot’
T(x,0) =0,
oT h h
a(x, 0) - ET(O’ t) = E[TO -T,(®)] (10)

We transform the time variable using a Laplace
transform such that the substrate and piranha solu-
tion temperatures are given by Ul(x,s) = L[T(x,t)]
and U,(s) = L[T,(?)], respectively. The transformed
problem is an ordinary differential equation (ODE)
in Ul(x,s):

d2U

W(x, s) = %U(x, s), (11)
U h KTy h
E(O,S) —EU(O,S) = k—_EUp(S)’ (12)

which has the general solution

U(x,s) = C; exp (x\/s/D) + Cy exp(-x+/s/D), (13)

where C; and C, are constants to be determined.
Since the temperature of the substrate must be
bounded as x — oo, the constant C; vanishes. Apply-
ing the convection BC [Eq. (12)] to solve for C,, we
find that the solution for U(x,s) is given by

U,(s)-Ty/s ~ \/5)
Ux,s) = [\/é_/_D._i_h/k} Xp( %/p) (14)
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As in the previous section, we assume that the pira-
nha solution follows the linear temperature profile
T,(t) =T, o+ ryt. In s space, the transformed pira-
nha solution temperature is given by U,(s) =
(Tyo/s) + (rp, /s?). Substltutmg this expressmn into
Eq (14) and rearranging,

N
Ulx.s) = r exp (‘Tﬁ‘/g)} (M +r_h_&)'

J5+ %— s s2 s
(15)

To determme the inverse Laplace transform
T(x t) = LU (x,s)] of Eq. (15), we use partial frac-
tions to decompose the expression into a sum of sim-
pler functions. The result of these manipulations is

k 2
T(x t) = |: T() +rh(h@) 1|L1(x, t)
ryk
+ rLy(x,t) - h@L3(x £), (16)
where

w-e[ T

(1
Ly =71 2 exp (—

1
and L3 = ,C_l 3_2

The inverse transforms Lq, Ly, and L3 are available
in published tables (see Ref. [9]). Returning to the
temperature 7T'(x, ¢), the temperature in the substrate
can be expressed in closed form:

2T \/f) (2k + hx) 1
haivD *on D

X ({2k2rh + 2hkr,x + h2[rx?

exp (—
T(x, t) = TO -

+ 2D(rht - TO + Tp.O)]} X eI'fC (ﬁﬁ)
~2exp [W][ 5+ h2D(=To + Ty )]
hx + 2Dht
fo( XTI ) 17
) a

C. Calculation of Thermal Stresses

Since we have assumed that temperature in the sub-
strate arising from cleaning varies only through the
thickness of the optic, it follows that the only nonzero
stress component, oy, (x, %), is parallel to the optic’s
surface. The function og,,(x,#) must satisfy the



equations of equilibrium and compatibility and ap-
propriate BCs. We apply Saint Venant’s principle
BCs (see, e.g., Ref. [10]) by assuming that the force
and moment due to ¢,, and o,, are zero over the
plate’s edges—i.e.,

L
/ Osup(®,t)dx =0
0

and

L
/ X0 (x, t)dx = 0.
0

The Saint Venant approximation (shown schemati-
cally in Fig. 4) is considered very accurate at
distances of at least one plate thickness from the
traction-free edges. In the present notation, the
solution for oy, (x,t) is

Oyy = Ozz = Osub (%, 7)

. asubEsub é _ % L
_—1—Usub |: T(x,t) + (L L2)/0 T (x,t)dx

12x 6 (L
+(L3—L2) [} xT(x,t)dx},

where ag,y,, Egup, and vy, are the coefficient of ther-
mal expansion (CTE), Young’s modulus, and Poisson
ratio for the substrate material, respectively.

Two expressions for T'(x,t) were derived in the
preceding section based on finite-plate and semi-
infinite half-space models of the substrate’s geom-
etry. These expressions were substituted into
Eq. (18) to determine the thermal stress distribution
in the substrate. The integrals

(18)

/OL T(x,t)dx

and

L
/ xT(x, t)dx
0

could be calculated directly in both cases, resulting
in an infinite series solution for the finite-plate model
and a closed-form solution for the semi-infinite half-
space. A similar methodology was used to find the
stresses in the thin-film coating at x = 0, which de-
pend only on time #:

Zero force and moment
caused by Ogyp 2

Xi in
Ot Oxide coating

T Substrate

Fig. 4. Schematic illustration of Saint Venant’s principle BCs.

E L
Tetg(t) = o {% |:/(; T(x, t)dx:|
x=0

1- Uctg

6 L atEt
-— xT (x, t)dx - 228 T(0,1),
L? |:L (. ) ]x:O} 1_’/ctg ©.9

(19)

where 6.,(t) is the thermal stress in the coating and
Aetgs Ectg, and v, are the CTE, Young’s modulus, and
Poisson ratio for the coating material, respectively.
T'(x,t) is the temperature distribution in the sub-
strate, as before. Note that stresses in both coating
and substrate were assumed to be initially zero.
As-deposited coating stresses can be significant,
and a coating’s stress state can change as a coating
ages [11-13]. Such stresses, if present, should be
algebraically added to these results for a complete
estimate of the stress level in a particular coating.

3. Thermomechanical Model

A. Description of Model

The piranha temperature profile T, () was defined
piecewise by a continuous series of linear phases.
A simple example of a 60°C piranha cleaning process
with 60 min heating and cooling ramps and a 30 min
soak period is illustrated in Fig. 5.

Temperature distributions 7'(x, ) arising from the
prescribed cleaning protocol were calculated from
Eqgs. (9) and (17) for the finite-plate and semi-infinite
half-space representations of the substrate, respec-
tively. For the finite plate, a 15-term approximation
of the infinite series solution was used. Each phase in
the cleaning process was treated separately, with
the temperature distribution in the substrate at
the conclusion of the previous phase being used
as the initial condition for calculations in the follow-
ing phase. Thermal stresses in the substrate and

Temperature (°C)

0 | | | |
0 40 80 120
Time (min)
Index Duration Initial Final
(i) (Aty) temperature temperature
1 60 min 22°C 60°C
2 30 min 60°C 60°C
3 60 min 60°C 22°C

Fig. 5. Sample temperature history 7', (¢) for a chemical cleaning
process.
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coating were calculated using Egs. (18) and (19), re-
spectively. Codes were developed using the Wolfram
Mathematica software package to automate these
calculations.

B. Material Properties Used in Analysis

Five commonly used oxide single-layer coating
materials [alumina (Al,03), hafnia (HfO,), niobia
(NbyOs), silica (SiOg), and tantala (TasOs)] are
considered in this paper, as well as two MLD coatings
[hafnia—silica (HfO,-SiOy) and alumina-silica
(Aly0O3-Si0y)]. Fused silica, BK7, and borosilicate
float glass (Schott Borofloat 33) substrates were in-
vestigated. Thermoelastic properties of substrate
and coating materials are given in Table 1. Thin-film
properties were assumed for coating materials, while
bulk properties were used for substrates.

C. Comparison of Models for Practical Substrate
Geometries

OMEGA EP MLD grating substrates, which are
470 x 430 x 100 mm BKY7 slabs, have a low aspect
ratio (width to thickness) compared to traditional op-
tics. The large thickness was chosen to reduce wave-
front error caused by substrate deformation, whereas
the lateral dimensions of the substrate were limited
by grating fabrication equipment. Witness and test
samples are made with smaller, commercially avail-
able substrates, which have much higher aspect ra-
tios than the OMEGA EP grating substrates. Typical
samples are fabricated on 100-mm-diameter, 3-or
9-mm-thick round substrates. Samples of 3 mm
thickness are broken into smaller pieces for cleaning/
chemical exposure experiments (see Ref. [2]). The
geometries of OMEGA EP gratings and standard test
samples are drawn to scale in Fig. 6.

Saint Venant’s principle was used in the applica-
tion of BCs in the thermal stress model developed
in Section 2.C. This approximation is considered ex-
cellent at distances at least one plate thickness from
the plate’s edges, i.e., near the center of the plate [8].
For the 3- and 9-mm-thick substrates, the approxi-
mation is a good one over nearly the entire volume
of the part, while the fractional region of validity
is smaller for the lower-aspect-ratio OMEGA EP
grating. In all cases, the model is expected to be ac-
curate near the center of the clear aperture.

To evaluate the validity of the two heat transfer
models described in Sections 2.A and 2.B, results
were compared for 10-mm-thick (representative of
a small test or witness part) and 100-mm-thick (rep-
resentative of a full-size grating) BK7 substrates
using each model. The 60°C piranha temperature
history shown in Fig. 5 was assumed arbitrarily.
Liu’s estimate of A = 600 W/m?K was used for the
heat transfer coefficient of the acid piranha-glass
system [21]. Temperature distribution results are
shown in Fig. 7, with the finite-plate solution plotted
as black (x = 0), medium gray (x = L/2), and light
gray (x = L) curves and the semi-infinite half-space
solution plotted as dotted black (x = 0), dotted
medium gray (x = L/2), and dotted light gray (x = L)
curves. The temperature of the piranha solution
itself is shown in purple.

The entire 10-mm-thick substrate [Fig. 7(a)l
closely followed the temperature profile of the
heated chemical. All three temperature curves
(corresponding to substrate depths of x =0,
x = L/2, and x = L) calculated using the finite-plate
solution were nearly identical to the piranha
temperature curve itself. The lateral dimensions of
a 10-mm-thick witness or test sample would nor-
mally be much larger than the thickness, so the
finite-plate model provides a better representation
of this substrate geometry; indeed, the semi-infinite
half-space model (indicated by dotted curves) led to
different results.

In the case of the 100-mm-thick substrate
[Fig. 7(b)], a strong temperature gradient through
the substrate developed immediately. The coated
surface (x = 0) quickly responded to temperature
changes in the convective fluid, but the back side
of the part had a lagging response because heat con-
duction through the thick glass was slow. The low
aspect ratio of the 100-mm-thick OMEGA EP grating
substrate suggests that treating it as a half-space
might be reasonable, but the plate and half-space
models agreed only for early behavior.

Although temperature results were different for
the two models, ultimately the choice of one model
over the other did not have a large effect on thermal
stress calculations. Because optical glasses are
insulators, heat transfer through the substrate is
slow, and the insulation BC at the back surface of the

Table 1. Thermoelastic Properties of Substrate and Oxide Thin-Film Coating Materials

Young’s Modulus E  Coefficient of Thermal

Poisson Thermal Diffusivity D Thermal Conductivity %

Material (GPa) Expansion a Ratio v (m?/s) (W/m - K) Ref.
BK7 82.0 8.3x 108 0.21 5.5x 107 1.11 [14,15]
Fused silica 72.7 0.52 x 1078 0.16 7.5x 1077 1.30 [16]
Borofloat 33 64.0 3.3x 10 0.20 6.1x 107 1.20 [17,18]
AL, 04 73.0 8.2x 107 0.22 n/a n/a [19]
HfO, 195.0 3.6x 10 0.25 n/a n/a (19]
NbyO5 130.0 49x10°8 0.22 n/a n/a (20]
SiO, 71.4 3.1x10°8 0.17 n/a n/a (19]
Tay 05 136.0 4.4x10°8 0.27 n/a n/a [20]
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Fig. 6. Dimensions of full-size OMEGA EP diffraction gratings
and standard witness and test material (drawn to scale).

3 mm

optic has little effect on stress calculations at time
scales relevant to chemical cleaning. Figure 8 com-
pares thermal stresses calculated using the two mod-
els for a BK7 substrate with a hafnia-silica MLD
coating subjected to the piranha treatment of Fig. 5.
Stress results are discussed in Section 4, but it is
clear that the models are in excellent agreement.
The finite-plate solution—which intuitively provides
a better representation of practical substrate geom-
etries that are thin in comparison with their lateral
dimensions—was used for all remaining stress calcu-
lations. Note that computation time is much longer
for the series solution than for the closed-form half-
space solution. Therefore, the semi-infinite half-
space solution is quite useful for checking results
and performing preliminary calculations.

4. Stress-Modeling Results

A. Coating Stresses Developed in an OMEGA EP Grating

Ashe et al. [1] optimized a piranha cleaning process
for LLE hafnia-silica MLD gratings in 2007 and
reported that a 100°C piranha process led to the best
laser-induced damage thresholds, although the au-
thors expressed concerns about thermal shock to
the 100-mm-thick OMEGA EP substrate at such

g’j 60
2
2 40
<
3
£ 2
&
0 ! ! ! ! ! !
0 40 80 120 0 40 80 120
Time (min) Time (min)
x=0 x=L2 x=L

Finite plate
Half space
Piranha solution temperature

Fig. 7. Solutions to the heat conduction equation for (a) 10-mm-
thick and (b) 100-mm-thick BK7 substrates subjected to piranha
cleaning at 60°C. The temperature history of the piranha solution
is indicated in purple. Finite-plate and half-space solutions for
temperature profiles at three depths in the substrate are repre-
sented by solid and dotted curves, respectively.

T T T T T T
(a) (b)
60 = -
g |
S 40 - - e —
2 am——
S2F /S . =
= P i T
@ Y S0
0
! ! ! I !
0 40 80 120 0 40 80 120
Time (min) Time (min)
—— Hafnia — Substrate, x =0
=== Silica — Substrate, x = L/2

—-— Average MLD Substrate, x = L

Fig. 8. Thermal stress results for a hafnia-silica MLD coating on
(a) 10-mm-thick and (b) 100-mm-thick BK7 substrates, corre-
sponding to the 60°C piranha cleaning considered in Fig. 7. The
red and blue curves show the stresses in the individual hafnia
and silica layers, while the green curves show the thickness-
weighted average film stress (assuming a quarter-wave design).
The black and gray curves show the substrate stresses, with black,
medium gray, and light gray corresponding to depths of x = 0,
x = L/2, and x = L, respectively. Finite-plate solutions are repre-
sented by solid and dashed curves, and half-space solutions are
represented by dotted curves.

high temperatures. The thermal stresses developed
in an MLD grating during piranha cleaning at
100°C (assuming 60 min heating and cooling
ramps—the same ramp durations assumed for the
60°C profile considered in the previous section) were
calculated using the present model; results are pre-
sented in Figs. 9(a) and 9(b) for 10-mm-thick and
100-mm-thick BK7 substrates, respectively.
Substrate stresses were near zero in the 10-mm-
thick substrate (ranging from -0.29 to +0.29 MPa)
and were significantly higher in the 100-mm-thick
substrate (ranging from —-15.7 to +11.8 MPa). Using

@ 4 s (b) ' '

100

Stress (MPa)

-20 2
0 40 80 120 0 40 80 120
Time (min) Time (min)
—— Hafnia — Substrate, x =0
=== Silica — Substrate, x = L/2

—-— Average MLD Substrate, x = L

Fig. 9. Thermal stress response of a hafnia-silica coating on
(a) 10-mm-thick and (b) 100-mm-thick BK7 substrates subjected
to piranha cleaning at 100°C (with a 30 min soak period and
60 min ramp periods for heating and cooling). Inset plots show
magnified views of the early behavior in each case.
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a fracture toughness approach, the critical flaw size
for crack growth is given by [22,23]

()
a.=—-—] .
VAN
where a, is the depth of an assumed half-penny-
shaped crack, K, is the fracture toughness, and o,
is the tensile stress. With a fracture toughness of
K. = 0.82 MPa./m for BK7 [24], the critical flaw size
a. calculated from Eq. (20) is 1.5 mm. A 11.8 MPa
tensile stress would be expected to cause cata-
strophic substrate fracture in the presence of a larger
flaw. The maximum-allowable flaw size could be even
smaller if slow crack growth (stress-corrosion crack-
ing) occurs during piranha cleaning [25]. Therefore,
substrate fracture is a risk during cleaning at 100°C,
as pointed out by Ashe et al. [1], but data in Fig. 9
show that coating stress failure is also a possibility.
Since BK7 has a higher CTE than the coating, the
hafnia-silica coating is forced into tension during
elevated-temperature cleaning. The maximum ten-
sile stresses developed in the hafnia-silica coating
(calculated as a thickness-weighted MLD average
stress) were 59.9 and 49.3 MPa for the 10-mm-thick
and 100-mm-thick substrates, respectively. These
are significant stress levels, especially considering
that RE-deposited coatings are highly susceptible
to tensile-stress failure [11,26]. Tensile stresses on
the order of ~100 MPa have been known to cause
coating fracture [27], a level that could easily be
reached during elevated-temperature cleaning of an
RE-deposited hafnia-silica MLD coating, which
would often already be in tension prior to cleaning
[12,13]. Pre-existing stresses should be algebraically
added to cleaning-induced stresses to estimate the
total stress.

The shape of the thermal stress curve was quite
different for the two substrate thicknesses. In the
thick-substrate case, the coating stress shifted to a
compressive state briefly before becoming tensile;
this did not happen in the thin-substrate case. The
inset plots in Fig. 9 show magnified views of this
early behavior. While the compressive coating
stresses were small in magnitude (less than 1 MPa),
it is troubling that they were not reflected in the
stress response of the representative witness part.
Poor representation of a full-scale component’s
behavior by small witness/test pieces is problematic
because cost and practicality limitations preclude
cleaning experiments on full-thickness parts. The
ability to predict the behavior of a full-size compo-
nent using inexpensive, small-scale samples before
committing to a processing methodology is valuable
since results can be used to avoid a process that is
likely to cause catastrophic failure in a full-size
product.

(20)

B. Effect of Substrate Choice

Considering again the case of an MLD grating sub-
jected to a 100°C piranha treatment, the stress
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responses of a hafnia-silica coating on 10-mm-thick
BKY7, fused silica, and borofloat substrates are com-
pared in Fig. 10. These results correspond to possible
witness or test samples that might be used to re-
present large-aperture optical components. BK7 is
the substrate material used to fabricate OMEGA
EP gratings, while fused silica is used for large-
aperture MLD gratings in other short-pulse laser
systems [12,28]. Borofloat glass was considered be-
cause high-quality substrates in witness sizes are
readily available. Substrate stresses were near zero
in all three cases and are not shown.

The three substrate materials considered are all
common optical glasses, but they have different ther-
mal properties: fused silica has an exceptionally low
CTE of a = 0.52 x 1075; borofloat is a low-expansion
glass with a CTE of a = 3.3 x 107%; and BK7 has a
CTE of a =8.3x10. Since the thin-film coating
is adhered to the substrate and has no mechanical
stiffness of its own, it is forced to conform to the
expansion behavior of the substrate material. As a
result, the thermal stress response of the coating de-
pended strongly on the choice of substrate. For a BK7
substrate [Fig. 10(a)l, MLD coating stresses shifted
tensile as the optic was heated because hafnia and
silica layers have lower CTEs than the substrate.
Borofloat [Fig. 10(b)] has a comparable CTE to the
coating materials (slightly lower than thin-film
HfO, and slightly higher than thin-film SiO,), lead-
ing to modest overall coating stresses; hafnia layers
shifted to a slightly compressive state during heat-
ing, and silica layers slightly tensile. Fused silica
[Fig. 10(b)] has a lower CTE than the coating mate-
rials, so the MLD layers were forced into compres-
sion when the optic was heated.

Note that these substrates were not interchange-
able: the stress response of a coating on a borofloat
substrate was not representative of a BK7 sample,
and so on. If thermal stresses are a concern, a wit-
ness or test sample must be fabricated with the same
materials as the model part. This may seem obvious,
but it is important to appreciate, since it can be
tempting to use any samples that happen to be
available for experiments, especially if they are
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Fig. 10. Stress response of hafnia-silica coating on a 10-mm-
thick substrate subjected to piranha cleaning at 100°C (60 min
heating and cooling ramps, 30 min soak). Substrate materials were
(a) BK7, (b) borofloat, and (c) fused silica.



functionally similar. Care should be taken with such
substitutions as a cleaning process that may be con-
sistent and effective for a fused-silica optic could
cause equally consistent stress failure in the same
coating on BK7. Furthermore, none of these wit-
nesses was representative of the stress response
of a full-size, 100-mm-thick BK7 OMEGA EP grating
(Fig. 9).

Further probing of this issue by adjusting varia-
bles in the thermomechanical model revealed that
the effect of the substrate thickness was more impor-
tant for certain material combinations than for
others. For a hafnia—silica coating on BK7, we saw
from Fig. 9 that the thermal stress behavior was
quite different for the witness and full-size optic.
Figure 11 shows results for a borofloat substrate, as-
suming the same coating and processing history.
Like BKY7, the use of a borofloat substrate led to sub-
stantially different stress responses for the 10-mm-
thick and 100-mm-thick parts. The thin substrate
[Fig. 11(a)] resulted in near-zero coating stresses,
with the average MLD stress remaining small and
nominally compressive for the entire processing his-
tory (in the range of —2.5 to +0.13 MPa). The 100-
mm-thick substrate [Fig. 11(b)], on the other hand,
saw an average MLD stress that was compressive
for most of the process duration, but shifted tensile
during cooling. The range of coating stresses
(-10.8 to +6.4 MPa) was also broader in the thick-
substrate case. For this choice of substrate, the
small-scale test sample would not be predictive of
the full-size grating’s behavior for any part of the
piranha process, since the magnitude and sign of
the coating stress depended on substrate thickness.

Figure 12 shows thermal stress results for a fused-
silica substrate, again assuming the same processing
history and coating materials. When fused silica was
used as the substrate, stresses in the coating shifted
to a compressive state as the optic was heated
because fused silica has a lower CTE than do the
coating materials. Unlike the other two substrate
materials, the behavior of the thin fused-silica
witness [Fig. 12(a)] was almost identical to the
thermal stress behavior of the full-size fused-silica
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Fig. 11. Thermal stress response of a hafnia—silica coating on

(a) 10-mm-thick and (b) 100-mm-thick borofloat substrates sub-
jected to piranha cleaning at 100°C (60 min heating and cooling
ramps, 30 min soak).
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Fig. 12. Thermal stress response of a hafnia—silica coating on
(a) 10-mm-thick and (b) 100-mm-thick fused-silica substrates sub-
jected to piranha cleaning at 100°C (60 min heating and cooling
ramps, 30 min soak).

optic [Fig. 12(b)]. For a substrate with an extremely
low CTE, like fused silica, the first two terms in
Eq. (19)—the only terms that depend on substrate
thickness—are very small. The third term, which de-
pends only on the coating’s thermomechanical prop-
erties and the surface temperature, dominates
the stress behavior. This does not mean that fused
silica is necessarily a “better” choice of substrate
than other materials—in fact, compressive coating
stresses were significantly higher in the fused-silica
case than for either of the other substrate materials
considered. However, a fused-silica witness was
found to be a better predictor for the behavior of a
large fused-silica optic, which is a significant advan-
tage for process development work.

C. Piranha Cleaning Process Modifications

In our earlier analysis, we assumed a 100°C cleaning
process with 60 min heating and cooling periods and
a 30 min soak duration. The piranha spray cleaning
station is equipped with a programmable heater, so
temperature and heating rate adjustments can be
made relatively easily. Using the developed thermo-
mechanical model, the acid piranha temperature
profile was varied to identify possible improvements
that could be implemented to mitigate coating
stresses. In the next two sections we probe the effects
of heating rates and soak temperature.

1. Heating and Cooling Rates

Heating and cooling rates were varied to study how
this parameter affects the temperature distributions
and stresses developed during cleaning. Figure 13
shows the temperature distributions in a 100-mm-
thick BK7 substrate (i.e., an OMEGA EP grating)
for heating and cooling ramp durations of 10, 20,
60, and 120 min. The cleaning processes were other-
wise identical to the protocol considered earlier, in-
cluding a 30 min soak at a maximum temperature
of 100°C. When the piranha solution was heated
and cooled quickly, the coated surface responded to
the rapidly changing piranha solution temperature,
but the bulk of the substrate lagged behind because
of slow conduction through the thick glass, leading to
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large temperature variations through the thickness
of the substrate. In the 10 min ramp case [Fig. 13(a)],
the back side of the substrate remained almost at
room temperature for the entire process. The maxi-
mum substrate temperature delta (temperature
difference from x = 0 to x = L) during this process
was 74.1°C, which occurred during the soak period
(t=21.7 min).

The use of longer heating and cooling ramps re-
duced the magnitude of temperature gradients de-
veloped in the substrate: in the 120 min ramp case
[Fig. 13(d)], the maximum temperature delta was
58.6°C (at ¢t = 120 min). In this case, the back side
of the optic remained hotter than the coated side for
most of the cooling process because the piranha sol-
ution convectively cooled the front of the optic more
quickly than the back side could cool. At the end of
the process, the back side of the substrate remained
above 60°C, while the coated surface had cooled to
room temperature.

Corresponding thermal stress results are shown in
Fig. 14 for a hafnia-silica MLD coating. In the case of
short 10 min ramps [Fig. 14(a)], coating stresses ini-
tially dipped to a compressive state during heating,
then shifted to a tensile state during the soak period.
A tensile coating stress persisted after the cooling
process ended because the bulk of the substrate re-
mained above ambient temperature [see Fig. 13(a)].
These stresses would return to zero once the sub-
strate cooled completely. In the case of 120 min
ramps [Fig. 14(d)], coating stresses increased
steadily during heating (apart from a very short
initial phase) and decreased steadily during cooling.

(b)
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Fig. 13. Temperature distributions in a 100-mm-thick BK7 sub-
strate resulting from piranha cleaning at 100°C with (a) 10, (b) 20,
(c) 60, and (d) 120 min heating and cooling ramps. The tempera-
ture history of the piranha solution is indicated in purple.
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Fig. 14. Thermal stresses in a hafnia-silica MLD coating on a
100-mm-thick BK7 substrate developed during piranha cleaning
at 100°C with (a) 10, (b) 20, (¢) 60, and (d) 120 min heating and
cooling ramps. Corresponding temperature distributions in the
substrate are shown in Fig. 13.

Again, a tensile coating stress persisted at the end of
the process, but the magnitude of this stress was
smaller than in the rapid-heating case. Figures 14(b)
and 14(c) show the stress response of the coating
for the 20 and 60 min ramps, illustrating the
transitional behavior between rapid-heating and
slow-heating extremes.

The insets in Fig. 14 show magnified views of coat-
ing stresses during initial heating (0 < ¢ < 10 min)
for each case. For the 10 min ramp (corresponding to
a heating rate of 7.8°C/min), the MLD average stress
reached a minimum of -4.0 MPa at¢ = 3.8 min. The
minimum MLD stress for the 120 min ramp (corre-
sponding to a heating rate of 0.65°C/min) was
—0.33 MPa, also at ¢ = 3.8 min . While these stresses
are relatively small in magnitude, compressive
stresses in general are of concern because (1) delami-
nation is a known mode of coating failure in MLD
gratings and (2) witness or test samples would
not be predictive of this behavior, as discussed in
Section 4.A.

While compressive coating stresses in the coating
were highest for rapid heating, tensile stresses were
indeed highest when the substrate was heated
slowly. Coating stress extrema are plotted as a
function of the heating/cooling rate in Fig. 15 for
substrate thicknesses of 10 and 100 mm. For the
100-mm-thick BK7 substrate, the maximum tensile
stress [Fig. 15(a)] decreased from 57.8 to 47.7 MPa as
the heating rate increased from 0.1°C/min to
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Fig. 15. Dependence of (a) maximum tensile coating stress and
(b) maximum compressive coating stress on heating/cooling rate
for a hafnia—silica MLD on 10-mm-thick and 100-mm-thick BK7
substrates. A 100°C piranha cleaning process with a 30 min soak
was assumed.

5°C/min, while heating rates greater than about
5°C/min led to modest increases in the coating stress.
Rates in the range of 3°C/min to 5°C/min (corre-
sponding to 15 to 26 min ramps) minimized tensile
stresses. Maximum tensile coating stresses were al-
ways higher in the thin-substrate case, indicating
that a 10-mm-thick witness provides a conservative
prediction of tensile coating failure in a thick optic.
Conversely, maximum compressive coating stresses
[Fig. 15(b)] were near zero in the thin-substrate case
but increased linearly with the heating rate for
the thick substrate. Maximum compressive coating
stresses corresponding to heating rates of 3°C/min
to 5°C/min were in the range of -1.5 to —2.6 MPa.

2. Soak Temperature

The most effective method for reducing the magni-
tude of thermal coating stresses is, as one might
expect, to lower the temperature of the cleaning proc-
ess. The main drawback of this approach is that acid
piranha cleaning is generally considered to be most
effective at high temperatures [1,3]. Our group has
recently developed a low-temperature acid piranha
cleaning method for MLD gratings that is effective
at temperatures as low as 40°C [2]. Figure 16 shows
the temperature distributions in a 100-mm-thick
BK7 substrate developed during piranha cleaning
at 40°C, 60°C, 80°C, and 100°C (assuming 60 min
heating and cooling ramps and a 30 min soak dura-
tion). The temperature curve shapes were similar for
each temperature, differing mainly in amplitude.
The maximum substrate temperature deltas (the
maximum instantaneous difference in substrate
temperature between x = 0 and x = L) were 16.0°C,
33.8°C, 51.6°C, and 69.3°C for soak temperatures of
40°C, 60°C, 80°C, and 100°C, respectively. Maxima
were observed at ¢ = 60 min (the beginning of the
soak period) in each case.

Figure 17 shows the corresponding thermal stress
results for a hafnia-silica MLD coating. The stress
curves had a similar shape for all temperatures,
but the magnitude of the thermal stress depended
on the soak temperature. The maximum tensile
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Fig. 16. Temperature distributions in a 100-mm-thick BK7 sub-
strate developed during piranha cleaning at (a) 40°C, (b) 60°C,
(c¢) 80°C, and (d) 100°C, with 60 min heating and cooling ramps
and a 30 min soak duration at the maximum temperature.

coating stress (measured as an MLD average) was
found to depend linearly on cleaning temperature.
This relationship is plotted in Fig. 18 for substrate
thicknesses of 10 and 100 mm. For the 100-mm-thick
substrate, the maximum tensile coating stress
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Fig. 17. Thermal stresses developed in a hafnia-silica MLD coat-
ing on a 100-mm-thick BK7 substrate during piranha cleaning at
(a) 40°C, (b) 60°C, (c) 80°C, and (d) 100°C with 60 min heating and
cooling ramps and a 30 min soak period assumed. Corresponding
temperature distributions in the substrate are shown in Fig. 16.
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Fig. 18. Relationship between maximum tensile coating stress
and cleaning temperature for a hafnia-silica MLD coating on
10-mm-thick and 100-mm-thick BK7 substrates with 60 min heat-
ing and cooling ramps and a 30 min soak assumed.
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Fig. 19. Dependence of (a) maximum tensile coating stress and
(b) maximum compressive coating stress on heating/cooling rate
for a hafnia—silica MLD on 10-mm-thick and 100-mm-thick BK7
substrates. A 40°C piranha cleaning process with a 30 min soak
was assumed.

encountered during cleaning at 40°C was 11.4 MPa—
more than 4x lower than the 49.3 MPa stress
encountered during cleaning at 100°C.

3. Combined Effect of Soak Temperature and
Heating Rate

We showed in Section 4.C.1 that 10 min heating and
cooling ramps (corresponding to a heating rate of
7.8°C/min) minimized thermal stresses in the coat-
ing for a 100°C cleaning process. A similar analysis
was performed to identify the optimal ramp rates for
a 40°C cleaning process (the lowest temperature at
which effective acid piranha cleaning has been

demonstrated [2]), again assuming a 30 min soak
period. The relationships between stress maxima
and heating rate for the 40°C process are presented
in Fig. 19. For this temperature, heating rates in the
range of 0.5°C/min to 1.5°C/min minimized tensile
coating stresses. Using the optimal heating rate of
1°C/min (corresponding to 18 min heating and cool-
ing ramps), the maximum compressive and tensile
coating stresses encountered during cleaning were
—-0.51 and 11.0 MPa, respectively. Stresses of these
magnitudes would not be expected to cause cata-
strophic coating failure.

D. Extensions to Other Coatings and Substrate Materials

As an extension to the OMEGA EP grating case
study, the thermomechanical model developed in this
paper was used to compare the thermal stress re-
sponses of various combinations of oxide coatings
and substrates that are commonly used in laser op-
tics. Table 2 shows the maximum tensile and maxi-
mum compressive stresses computed for the cases
considered. The usual sign convention of positive ten-
sile stresses and negative compressive stresses has
been used. Water (- = 3000 W/m?2-K [21]) was used
as the convective fluid in calculations for generality,
and the 60°C rinse-chemical temperature profile of
Fig. 1 was assumed arbitrarily. Material properties
were given in Table 1.

General trends in the data were observed for all
cases considered. For thin substrates, coating
stresses were generally either positive (tensile) or
negative (compressive) for the entire processing his-
tory, depending on the difference in CTE between the
substrate and coating. For thick substrates, both
compressive and tensile coating stresses were often
encountered. Ifthe coating had a high CTE compared
to the substrate, the coating stress was compressive
for most of its history but shifted tensile during cool-
ing. If the substrate’s CTE was higher than that of
the coating, the film stress shifted briefly to a com-
pressive state, then became tensile (as seen in the
example of a hafnia-silica MLD coating on thick
BK7 glass). We conclude from these modeling results
that coating stresses are highly dependent on sub-
strate thickness in most cases. Therefore, the stress
response of a small witness sample may not be

Table 2. Maximum Compressive (Negative) and Maximum Tensile (Positive) Thermal Coating Stresses Resulting from
Wet Cleaning at 60°C for Several Coating-Substrate Combinations

Substrate

Maximum Compressive/Maximum Tensile Stress in Thin-Film Coating (MPa)

Coating BK7 10 mm BK7 100 mm BF 10 mm BF 100 mm FS 10 mm FS 100 mm
Al, 03 -0.10/0.47 -6.83/5.48 -18.3/0.01 -20.8/1.92 -28.4/0.00 -28.5/0.11
HfO, 0.00/46.4 -0.68/39.1 -3.57/0.12 -10.5/5.44 -30.4/0.00 -31.2/0.59
NbyOs -0.01/21.5 -1.25/18.0 -10.5/0.06 -14.9/3.43 -27.7/0.00 -28.1/032
Si0O, 0.00/17.0 -0.14/144 -0.02/0.51 -1.86/1.81 -8.43/0.00 -8.69/0.21
TayO5 0.00/27.6 -0.96/23.1 -8.21/0.07 -13.1/3.86 -27.5/0.00 -27.9/0.38
Al,03-Si0, 0.00/9.44 -1.09/8.05 -8.10/0.03 -10.5/1.86 -17.5/0.00 -17.7/0.16
HfO,-Si0, 0.00/29.2 -0.36/24.6 -1.21/0.07 -5.43/3.31 -17.5/0.00 -18.0/0.36
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representative of the full-size optic’s behavior.
Instead of using only a test sample or witness as
the sole predictor of the thermal stress response of
a large part, the additional use of a thermomechan-
ical model as described in this paper (as a supple-
mentary tool) may improve outcomes by alerting
process developers to possible coating stress issues
for the cleaning process that are unique to large
optics.

5. Conclusions

A thermomechanical model was developed and used
to estimate the stress response of oxide coatings to
elevated-temperature wet processing. Results indi-
cate that substrate geometry strongly affects the
thermal stress response of the thin-film material.
An oxide coating on a thin substrate generally exhib-
ited either tensile or compressive stresses during
elevated temperature processing, depending on the
CTE mismatch between substrate and coating. In
the case of a thick substrate, however, the thin-film
coating was likely to exhibit both compressive and
tensile stresses during its processing history. The
substrate-thickness effect was more important for
some combinations of coating and substrate than
others; for some combinations (e.g., a hafnia-silica
MLD coating on a fused-silica substrate), the coating
had nearly the same stress response for 10 and
100 mm substrate thicknesses. These results suggest
that special consideration must be paid to geometry
in the selection of small-scale witness/test materials
to model the response of large optics to thermal
processing.

The model was used to investigate the thermal
stresses developed during -elevated-temperature
cleaning of a hafnia-silica OMEGA EP pulse com-
pression grating. Piranha cleaning at 100°C
(60 min heating and cooling ramps, 30 min soak)
led to substrate stresses in the range of —-15.7 to
+11.8 MPa and coating stresses in the range of
-0.7 to +49.3 MPa for a 100-mm-thick BK7 sub-
strate. These high stresses suggest that an OMEGA
EP grating would be susceptible to both coating fail-
ure and substrate fracture during cleaning, high-
lighting the importance of gentle, low-temperature
cleaning. For a 40°C cleaning process with an opti-
mized heating rate of 1°C/min, substrate stresses
were predicted to be in the range of -6.6 to
+5.0 MPa and coating stresses in the range of
—-0.51 to +11.0 MPa. Failure of the coating or sub-
strate would not be expected at these levels.
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