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ABSTRACT

A thermomechanical analysis on a 320 x 256, 30 pm pitch, middle wave infrared detector operating at 100 K is
conducted. The stress induced in the HgCdTe single crystal layer needs to be minimized to avoid electro-optical
perturbations and the planarity of the detector has to respect strict optical requirements. The work includes stress
determination by X-ray-diffraction (XRD), warpage measurements with laser scanning, analytical calculation and
finite-element modelling. The hybridized detector is studied both alone and after being glued to an AIN hosting
substrate. The results show that the initial stress in HgCdTe at room temperature is biaxial for all samples, with
either tensile or compressive values (+10 MPa), mainly due to the lattice mismatch during epitaxy from CdZnTe.
A stress increase of +45 MPa is induced after cooling to 100 K, with a maximum value of 57 MPa. The warpage of
the hybridized circuit is then about 2.5 pm and is reduced after being glued to the hosting substrate. Finally, the
model is used to extrapolate the behavior of such a detector for larger formats until 2 K?; there is no significant
impact on the stress in the HgCdTe layer, but warpage increases proportionally to the squared diagonal of the

detector.

1. Introduction

Hgy.xCdyTe is the most used material to manufacture photodiode
arrays for high performance InfraRed (IR) detection. The semiconductor
properties lead to the best photodiodes [1,2] and it can be adapted to
every IR wavelength by adjusting the Hg/Cd ratio. It is part of I1I-VI
materials, nicknamed “soft brittle” [3,4] with low hardness and high
brittleness compared to classical semiconductor materials such as sili-
con. However, the poor mechanical properties can lead to defects in
some photodiodes and the emergence of dead pixels. Despite decades of
research and significant progress, this issue still hasn’t been entirely
solved.

The elaboration of HgCdTe IR detectors can be divided into four
main steps: epitaxy of thin Hg; ,CdsTe layer on lattice-matched Cd;.
yZnyTe, manufacturing of photodiode array, hybridization (flip-chip
bonding) to silicon-based Read Out Integrated Circuit (ROIC) and inte-
gration in cryostat (after CdZnTe removal). This work focuses on the last
two steps’ contribution to the level of residual stress in HgCdTe and to
warpage, in view of the optical planarity requirements. The key features
are the thermal expansion mismatch between HgCdTe and silicon and

the operating temperature of the detector around 100 K. They lead to
thermal bending and biaxial tension in the HgCdTe layer at low tem-
perature. Since the 90s, many patents have described solutions to reduce
the level of stress, based on compensation layers added to the backside
of the silicon substrate of the ROIC in order to obtain a coefficient of
thermal expansion (CTE) close to that of HgCdTe. However, the CTE
mismatch between HgCdTe and silicon has proven to be acceptable if the
epitaxial substrate (CdZnTe) is removed (including for very large for-
mats such as 4 k*4 k, 15 pm pitch array [5]). Nevertheless, thermo-
mechanical studies of IR FPAs are still ongoing. Among the expected
improvements are the enlargement of detectors format, the reduction of
the pixel pitch and of the stress-induced defects in HgCdTe in order to
reach higher operating temperatures. In other words, the limits of
HgCdTe are far from being reached, as confirmed by recent results [6].

Some XRD stress measurements in HgCdTe have already been pub-
lished in literature, considering a simple epitaxial layer on a CdZnTe
substrate [7,8] and an achieved IR detector [9,10]. For the epitaxy
process, biaxial stress values were measured, mainly induced by
imperfect lattice match between Hg;.xCdxTe and Cd;.yZnyTe. Consid-
ering the IR detector, biaxial stresses (compressive at room temperature
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and tensile at low temperature) were also highlighted and the corre-
sponding values were in good agreement with the above-mentioned
difference in CTE between HgCdTe and silicon. A gradient between
the center and the edges of the samples was reported [9], but the origin
remains to be clearly identified, even with Finite Element Method (FEM)
[10]. The warpage evolution with temperature for such detectors does
not seem to have ever been studied before, but numerical simulations
have been performed on InSb-based detectors [11,12] without any
measurements at low temperature. Thus, the literature only gives an
incomplete description of the thermomechanical behavior of
HgCdTe-based detectors when cooling to operating temperature.
Thermomechanical issues in such detectors also exist at the micro-
metric scale, such as stress gradient in HgCdTe at the pixel scale [10] and
other phenomena which impact reliability of interconnections in all
flip-chip devices. From what we know, both scales are important, but
neither experimental nor simulation methods enable to study both of
them at the same time. It is necessary to study, quantify, and clearly
understand them separately, before being able to take them into account
simultaneously (and maybe finally identify the most critical one). This
work deals with strain and stress variations at the millimeter scale and is
thus a step towards a complete (multi-scale) understanding of the

Indium bumps

thermomechanical phenomena that take place in such detectors. It is
based on a multi-method thermomechanical analysis of a 320 x 256, 30
pm pitch, middle wave IR FPA, for both the detector on its own and after
assembled to the hosting substrate. It includes planarity measurements,
XRD stress analyses in HgCdTe ((111) single crystal), an analytical
approach based on Stoney [13] and Timoshenko’s works [14] as well as
FEM, at both room temperature and 100 K. Finally, after confirming the
relevance of the FEM in accordance with the experimental measure-
ments, larger detector formats are extrapolated in order to predict the
evolution of warpage and residual stress in HgCdTe.

2. Experimental procedures and results
2.1. Presentation of the detector architecture

The production of the IR detectors studied in this work starts with a
5-t0-10 pm thick HgCdTe layer obtained by liquid phase epitaxy on a
quasi-lattice-matched CdZnTe substrate (both are single crystals). For
low mismatch (under elastic assumption), it can be considered that the
lattice parameter a of the substrate is imposed to the epitaxial layer in
the in-plane directions [7,8]. Then, the gap between lattice parameters
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Fig. 1. a) Architecture of the IR detector, b) typical cross-section of a CMOS layer of a ROIC.



gives directly biaxial strain values:

£ = (a:ub:trme — Aepiraxial layer) / Aepitaxial layer )

Significant lattice mismatches have deliberately been chosen in this
work to show that this well-known phenomenon still has an impact on
residual stress after substrate removal.

Photodiodes arrays are manufactured collectively at the free surface
of HgCdTe, which is then sliced into single chips and hybridized (indium
solder bump flip-chip bonding) to the ROIC. The latter, about 7 pm thick,
consists in metal circuits in a SiO,-based matrix above the silicon bulk
and is generally called “CMOS” in reference to the name of the transistor
fabrication process (Complementary Metal-Oxide-Semiconductor).

Afterwards, an epoxy resin is introduced by capillary underfill pro-
cess. The curing temperature corresponding to the samples studied in
this work is 363 K. The resulting interconnection layer (indium bumps
and epoxy) is about 8.5 pm thick (see zoomed view in Fig. 1). From
there, HgCdTe is mechanically assembled to the ROIC and the CdZnTe
substrate can be removed by both mechanical and chemical thinning. A
little oversupply of epoxy leads to an underfill filet which is in major part
thinned with the substrate (see Fig. 6 in the FEM section).

Excluding the sides, the assembly can be seen as a multilayer plate:
HgCdTe 5-10 pm/interconnection layer 8.5 pm/CMOS 7 pm/silicon
500 pm. The “central part” corresponds to the 320 x 256, 30 pm pitch
HgCdTe photodiodes array, while silicon and CMOS complete size is
10,450 pm*12,950 pm (Fig. 1). This is the “hybridized detector state”,
which is studied before assembly to the hosting substrate.

After performance tests, this hybridized circuit finally needs to be
bonded to a hosting substrate, which has a role of thermal and me-
chanical link with the cryostat. In this work, in order to limit stress and
warpage, aluminum nitride has been chosen for its good thermal
expansion match with silicon (other possibilities exist such as Invar or
SiC). Glue with a low rigidity was used for this assembly and cured at
353 K; its thickness is approximately 20 pm.

XRD stress analyses were performed on three of these detectors
(samples A, B and C: see section 2.2), warpage measurements on two
(samples D and E: see section 2.3). Sample A, B and C has been chosen
with HgCdTe layers coming from three different CdZnTe substrates with
increasing lattice parameter to show the influence of lattice mismatch on
stress results. Moreover, sample C includes a thicker silicon substrate
and a higher pixel density (15 pm pitch) than others. Thus, the prop-
erties of the CMOS and interconnection layers are a little different, but,
as will be shown in the modelling section, they do not affect significantly
the stress level in HgCdTe; neither does the substrate thickness.

2.2. X-ray diffraction at room temperature and 100 K

The experimental procedure and the XRD device are described in
detail in Ref. [9]. Ortner’s method [15] is used to quantify the level of
residual stress in the HgCdTe single crystal at room temperature and
100 K. This method is based on the measurements of the inter-reticular
distances dp; considering Bragg’s equation: 1 = 2. dpk.sin(6), where 4 is
the X-ray wavelength and ¢ the angle between the specimen and the
incident beam. All the measurements are made on {533} planes using a
FeK, = 0.1936 nm radiation (corresponding diffraction peaks at 26 =
158°); a collimator 1 mm in diameter is used to obtain sufficient in-
tensity and great peak definition. First, the single crystal orientation is
determined through a pole figure based on Bragg’s equation. Then, the
position of each diffracting plane can be simulated through 2 angles
(azimuth ¢ and tilt y). All the peaks are then acquired in a 26 range in
order to determine precisely their inter-reticular distances with Bragg’s
law (at least six are necessary). The strain tensor is finally calculated and
Hooke’s law leads to the stress tensor considering the elastic constants of
HgCdTe (Cq; = 53.5 GPa, C12 = 36.8 GPa, C44 = 19.9 GPa [16]).

The results are given for three samples at hybridized detector state;
for one of them, the residual stress was measured before and after gluing

to the hosting substrate (Table 1). Sample A was analyzed both at the
center and in a corner. At room temperature, the stress is slightly
compressive and close to biaxial: cx is a few MPa higher than oyy, and
shear stress values are very low. There is no significant difference be-
tween center and corner. At low temperature, HgCdTe is submitted to
biaxial tension around 35 MPa.

For sample B, whose HgCdTe was obtained from a CdZnTe substrate
with a lower Zn composition, stress was only measured at the center,
showing values close to zero at room temperature and biaxial tension of
46 MPa at 100 K.

Sample C has been obtained from a CdZnTe with an even lower Zn
composition. As expected with low lattice mismatch [7,8], the lower the
Zn composition, the higher the tension values. This sample is all the
more interesting that these high values at 293 K (12 MPa) lead to 57
MPa at 100 K. This will be of great importance for the upcoming dis-
cussion about the yield stress of HgCdTe.

For these three hybridized detectors with no hosting substrate,
considering both cxx and oyy, the stress difference between 293 K and
100 K is almost the same: 40-45 MPa. The significant biaxial tension
values induced while cooling to 100 K are consistent with a previous
study [9]. Moreover, gluing then sample A to a hosting substrate (“S. A*”
in Table 1) leads to an increase of biaxial compression values at room
temperature and biaxial tension values of the same order when cooling
down to 100 K.

2.3. Warpage evolution between room temperature and 100 K

Warpage measurements were performed with laser scanning equip-
ment OGP FLASH CNC 300 through the window of a specially-designed
cryostat. Raw data consisted in (x,y,z) maps of approximately three
thousand points. Random planarity defects are induced by
manufacturing process and are not negligible in comparison to varia-
tions with temperature so that a variability of the initial warpage is
expected. However, the aim is to characterize the warpage evolution
with temperature. Consequently, perturbed surfaces have been
approximated with paraboloids: z = f(x,y) = ¢1 + c2x + sy + ¢4 +y2)
(approximation by least square method, an example of a result is illus-
trated in Fig. 2b). Measured warpage Wm can then be determined using
two methods leading to the same results. One of them consists in cor-
recting tilt and considering gap between maximum and minimum
values, the other in applying the above-mentioned function f(x,y) in the
following equation:

32
Wm = (d/2) / 2R with R = (1 + (0f/6x)2> /(02f / 0x2> @
The measured surface is defined manually: it is a bit smaller than that
considered with FEM because in practice, to consider only the HgCdTe
surface, it is necessary to leave a 0.5 mm gap at the edge. In order to be
able to compare measured warpage to FEM results, the measured values
have been adjusted assuming constant curvature radius. This implies
that warpage is proportional to squared diagonal. With dm the diagonal

Table 1

XRD residual stresses with corresponding uncertainties in the HgCdTe layer of IR
detectors at 293 K and 100 K (all values in MPa). (*) indicates data obtained after
gluing to hosting substrate.

Sample Temp. Oxx Oyy [ Oxy Oyxz Gyz Uncertainty
S. A center 293 K -6 -3 0 -1 -1 0 <3
S. A center 100 K 31 38 0 3 1 -2 <3
S. A corner 293 K -9 -5 0 0 0 0 <4
S. A corner 100 K 34 34 0 0 3 0 <5
S. A* center 293 K —12 —14 0 1 0 1 <4
S. A* center 100 K 35 39 0 -1 1 0 <5
S. B center 293 K 1 1 0 1 0 0 <3
S. B center 100 K 45 47 0 -2 1 -2 <4
S. C center 293 K 12 12 0 0 -1 1 <3
S. C center 100 K 56 57 0 -1 -1 0 <5
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Fig. 2. a) Cryostat schematic view, b) example of a measured surface (in red) and the paraboloid approximation (in black), and c) warpage convention used in this
work. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

of the measured map and dn the nominal diagonal (used in FEM), the
finally considered warpage W is calculated as follows:

W = Wm*dn®/dm’ 3

In this work, positive and negative values are attributed to concave
and convex samples, respectively (Fig. 2c). Note that when studying
thermal bending, it would be more relevant to talk about curvature
radius, which is independent of the considered detector format, instead
of warpage (deflection). However, this notion is often used in micro-
electronics, probably because it can be easily linked to pick-to-valley
and flatness requirements (either regarding flip-chip assembly feasi-
bility or optical domain).

The cryostat used to reach low temperatures consists in a nitrogen
bath in contact with a cold table in a chamber under vacuum (Fig. 2a).
First, the upper part of the chamber is opened and the sample is glued in
a corner, “locally”, in order to ensure thermal transfer without dis-
turbing self-warping. A PT1000 temperature sensor is also glued on the
holder right next to the sample, and the chamber is closed. Vacuum is
then applied through a dynamic pump for a few hours in order to degas
all materials (glue, polymers of connection cables); it is maintained by a
static getter to avoid vibrations during measurement. Temperature is
measured but not controlled; the slow warming up to room temperature
(associated to progressive evaporation of liquid nitrogen) is exploited to
achieve intermediary measures between 85 and 90 K and 293 K. Hot
water can replace liquid nitrogen to reach high temperatures until
around 323 K.

The thermal homogeneity and the reliability of the measurements
were verified through a second PT1000 sensor glued on the sample: the
maximum gap between the two sensors (at low temperature) was only 3
K, with an additional measurement noise of about + 1 K. Consequently,
the uncertainty on temperature values can be considered less than 5 K.

For hybridized circuits, the warpage of both samples was about 0.5
pm at room temperature and around 2.5 pm at 100 K (more concave)
(Fig. 3). After gluing to hosting substrate, absolute values are shifted by
about —1 pm (less concave): the evolution with temperature is then
significantly lower.
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Fig. 3. Warpage evolution with temperature for two similar samples before and
after gluing to hosting substrate, and corresponding FEM simulations (mea-
surement uncertainty ~ 1 pm).

3. Analytic and finite-element modelling

The aim was to model the detector at the sample scale with
reasonable computing performances which means that the geometry of
each indium bump and CMOS metal circuit could not be considered. It
could be possible with 2D models, but the assumptions associated lead to
errors for flip-chip packages as it has been illustrated with an example by
Yao et al. [17]. Therefore the use of Equivalent Homogeneous Materials
(EHM) is required [18] for the CMOS and the interconnection layer
considering a one-factor-at-a-time method to take into account the un-
certainties due to local variations of the chemical composition.

In this work, the main part of the hybridized circuit (excluding sides)
can be assimilated to a multi-layer stack, including one silicon layer
much thicker than the others. HgCdTe and silicon layers are single
crystals (111) and (100)-oriented, respectively. For these orientations
and thermal bending, it has been shown that single crystals with cubic
structure can be considered as isotropic [19,20] (invariance of biaxial
modulus in these planes). Therefore only isotropic properties are pre-
sented here.



3.1. Material properties

The properties of silicon, HgCdTe and AIN are given in Table 2 with
an overview of thermal expansion values whose variations with tem-
perature are not linear (discrete values every 10 K were considered).
EHM of CMOS was calculated with a simple mixture law:

- classic Voigt model [21] for elastic properties.

- for the CTE, starting from the same geometric assumption as Voigt,
the calculation consists in an average which is weighted with both
volume and Young’s modulus.

Results with this EHM assumption are then compared to assimilation
of this layer to pure silicon or to SiOz in the local sensitivity analysis
section.

Silicon, AIN and CMOS are considered linear elastic (their yield stress
values are not reached). For HgCdTe, which is considered elastic-
perfectly plastic, based on the higher value obtained by XRD analysis
including uncertainty, the yield stress value considered in the model is
65 MPa and will be discussed in the last part.

The properties of the underfilling epoxy and the glue used for as-
sembly are presented in Fig. 4. The yield stress of epoxy is about 60 MPa
at room temperature and the evolution with temperature presented in
Ref. [31] was taken into account. Concerning the glue, the yield stress is
about 5 MPa for temperatures higher than 170 K (glass transition tem-
perature) and reaches 50 MPa at 100 K.

The properties of the interconnection layer (indium bumps in epoxy
matrix) are obtained considering an EHM: they vary significantly with
temperature. Multi-linear stress-strain curves were calculated at several
temperatures (Voigt assumption) and are presented in Fig. 5. Each of
them includes a first segment for which both indium and epoxy have
elastic behavior. The yield stress of indium being about 1 MPa at room
temperature [32,33], this behavior at low strain needs a subplot to be
visible. Then there is a second segment for which epoxy is still elastic
and indium has plastified, and a last horizontal segment for which both
are plastic.

Epoxy resins are generally initially strained in tension by the
shrinkage due to curing (not the one due to thermal expansion), the
main part of which occurs in liquid phase, but it has been shown that it
can lead to significant warpage [34] and residual stress [35] in the case
of flip-chip assembly. The “mechanical shrinkage” and the resulting
residual stress values are dependent on the curing conditions (temper-
ature, pressure, moisture and containment): they are therefore very
difficult to estimate. They are neglected in nominal simulations but the
impact of mechanical shrinkage values of 0.22% [34] and 1% (which
seems to be the maximum expectable value for a “low shrinkage” epoxy)
will be studied in the local sensitivity analysis section. These AL/L
values are directly added to the CTE in the case of underfill filet residue
and prorated to epoxy volume fraction in the case of interconnection
layer.

Note that the FEM software used, Ansys, operates calculation with
linear assumption between all discrete values detailed in this section.

Table 2
Coefficient of thermal expansion o (instantaneous) and Young’s modulus of
silicon, HgCdTe, AIN and CMOS (EHM).

Material Instantaneous CTE o (107 %.K™1) Young’s modulus (GPa)
293 100 Reference 293 100 Reference
K K K K
Silicon 2.5 -0.3 [22] + isotropy 130 132 [24,25]
(100) [23]
HgCdTe 5.03 1.9 [16,26] 50 52 [27,28]
(111)
AIN 2.6 0.5 [22,29] 310 309 [30]

CMOS 3.5 1.2 EHM 84 83 EHM

3.2. Analytical models

The possibility to consider HgCdTe and silicon single crystals as
isotropic for thermal bending allows the use of analytical models based
on Stoney formula [13] or Timoshenko’s work [14] for the calculation of
the warpage of the hybridized detector. The considered geometry is a
simple multilayer plate whose in-plane dimensions are limited to those
of HgCdTe. Elastic assumption is also required. The loading consists only
in cooling down from 363 K to 100 K. The corresponding results are
interesting because they give a first estimation of the expected values
and are very helpful to understand the phenomena involved.

The Stoney formula was initially established on strips, but it can be
adapted to plates using the biaxial modulus rather than the Young
modulus to determine the warpage W:

a2 (lf—fy);f AaAT
== ’Ei e))

4 Eni

w

with Lg the diagonal of the plate, E;, v5s and t; the Young’s modulus,
Poisson’s ratio and the thickness of the substrate, Ef, vrand tythe Young’s
modulus, Poisson’s ratio and the thickness of the thin layer, Aa = as-ar
the CTE difference between the film and the substrate, and AT = Tfnqr-
Tinitial the temperature variation. Note that warpage is directly propor-
tional to the stiffness and the thickness of the thin layer, and to the
difference between its CTE and that of the substrate. At cryogenic
temperatures, the use of average values for CTE does not make sense any
longer because they show great variations with the considered temper-
ature range. Therefore, the use of instantaneous CTE is more suitable,
which implies in our case using an integral of (as-ay) over the tempera-
ture range rather than a simple Aa.AT mathematical product. Moreover,
as shown by Stoney, the contribution of several thin layers to the
warpage can be added (as long as the thickness of cumulated layers
remains very thin compared to the substrate, their contribution to
flexural rigidity is not significant). Taking into account these two evo-
lutions, the following equation can be established:
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where n is the number of layers.

The same adaptations can be made starting from Timoshenko’s work
(equations (6) and (7)), where R is the radius of curvature) and lead to
equation (8):
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The two formulas lead to the same results: a warpage of 6.4 pm at
100 K including 5 pm induced between room temperature and 100 K.
This value, which is significantly different from those measured, will be
compared to FEM in Fig. 7.



480 A
240 - e
120 A
& i
o i -~
= 60 i
’ -
30 —_‘_,__,_—..:------"
15 . .
100 200 300

Temperature (K)

—_ 3%} [\
W (e} W
I )

[}
]
!
!

>
!

Young's modulus (GPa)
i
1
!
| !
I

0 F—— :
100 200 300
Temperature (K)

Glue (assembly to hosting substrate)
Underfill epoxy

= = EHM interconnection layer

= === [ndium

Fig. 4. Coefficient of thermal expansion « (instantaneous) and Young’s modulus of the underfilling epoxy, the glue used for assembly to hosting substrate, indium

and interconnection layer (EHM).

140 4
@
=

120 - =) -

100 4 Z — 100K
- 150K
) 0 005
€ 801 - 0)0 2 200K
< Strain (- - = 250K
2
£ 60y MRS s s R RS = -===300K
A2 2 s 350 K

1/ R Y / ——390K

20

0 ' | | ! .
0 0,02 0.04 0,06 0,08 0.1
Strain (-)

Fig. 5. Stress-strain curves of the interconnection layer at different tempera-
tures with a subplot for values at low strain.

Regarding stress in thin layers, if relaxation due to bending is
neglected, a first approach consists in considering that the substrate
imposes its thermal expansion to the thin layer (in-plane directions), the
deformation of which & can be calculated directly from the CTEs over

ZOOMED
VIEW

the temperature range.

Tfinal
&= / (ax — a,-)dT 9
Tiniriat

The stress value is finally obtained by multiplying by the biaxial
modulus, which leads in our case to:

Tfinal
_E -
or= (1 — Vf) (as af)dT (10)

Tinitial

The obtained value for the stress evolution in HgCdTe between 363 K
and 100 K is 53 MPa, with 40 MPa induced between room temperature
and 100 K. This is in good agreement with XRD results (Table 1).

3.3. FEM

3.3.1. FEM model definition

As described before, it is assumed in this work that HgCdTe is me-
chanically assembled to the ROIC from the polymerization of epoxy
underfill at 363 K: it corresponds to the initial state as hybridized circuit.

ZOOMED VIEW

Removed
CdZnTe substrate

Fig. 6. Meshed geometry of the hybridized detector with HgCdTe in red, epoxy underfill residue and interconnection layer in green, CMOS layer in light blue and
silicon in dark blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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analytical models based on Stoney’s [13] and Timoshenko’s [14] works.

To model the entire structure with hosting substrate, birth/death func-
tion is used. During the cooling down to 100 K of the hybridized circuit
alone, the elements corresponding to the hosting substrate and the glue
already exist but are deactivated. The hybridized detector is then heated
to 353 K: it is thus already stressed, and the unstressed elements of the
glue and the hosting substrate are activated. The entire structure is then
cooled down to 100 K. Since transient thermal phenomena are not
studied, thermal loadings are applied uniformly to every elements of the
model.

Considering geometric conditions, only a quarter of the sample needs
to be modeled. Orthogonal displacements equal to zero are imposed to
the faces that correspond to symmetry planes. To prevent rigid body
displacement in z direction, a fixed support is applied to one point which
belongs to both symmetry planes.

The mesh is continuous, composed of 14,664 quadratic hexahedral
elements (solid 186) for the hybridized circuit (Figs. 6) and 12,093 more
for the hosting substrate and glue; a minimum of three elements in the
thickness (z direction) of each thin layer is imposed. Convergence with
the number of elements was verified in all directions regarding stress in
HgCdTe (excluding edge effects, where stress concentrations exist) and
warpage. Two models were tested by adjusting the size of elements
either in the z direction or in both x and y directions: they gave the same
results as the nominal model with a difference less than 1.5%.

3.3.2. FEM results

Two main simplifications exist between the analytical approach
already presented and the FEM: elasticity assumption and geometry
simplification. Therefore, a progressive modelling strategy has been
adopted with two preliminary models before the nominal one:

- a first FEM model taking into account the same data as those
considered for the analytical approach, with elastic assumption for
all materials and with simplification of geometry to a multi-layer
plate (HgCdTe/interconnection layer/CMOS/silicon with x and y
dimensions limited to those of HgCdTe layer).

- a second FEM model: still with elastic assumption but taking into
account the complete geometry.

- the nominal FEM: taking into account both plastic behaviors (for all
materials concerned, see section 3.1), and the complete geometry
(section 3.3.1).

The first case includes exactly the same assumptions for geometry
and material properties as the analytic models, which means that the
results are directly comparable. As shown in Fig. 7 (green curve) for
warpage, it is in very good agreement with analytical models. Still under
elastic assumption, but taking into account complete geometry, the
second model (Fig. 7 - yellow curve) significantly reduces the warpage

values. Finally, the consideration of plastic behaviors in the nominal
FEM model (Fig. 7 - red curve) further reduces these values: they are in
good agreement with the experimental measurements (Fig. 3a).

After assembly to hosting substrate, nominal FEM warpage values
are reduced with an inflexion at around 170 K. This is still in good
agreement with the measurements, as it was illustrated in Fig. 3a.

For the stress results in HgCdTe, the value obtained with the nominal
FEM model is 49 MPa: it is thus less influenced by elastic assumption and
geometry simplification than warpage (even equation (10) led to a value
only 9% higher). As expected from the analytical models, (apart from
edge effects and stress concentration), the stress in HgCdTe is biaxial and
homogeneous in x and y directions (Fig. 8), as in all thin layers. For the
hybridized detector at 100 K, oxx and cyy values are approximately 70
MPa in the interconnection layer and 30 MPa in CMOS. Stress in the
silicon substrate is also biaxial (x and y directions) but the level depends
on z position, with —9 MPa at the interface with the layer above and 5
MPa on the back (this z distribution is in good agreement with the
analytical calculation detailed in Timoshenko’s work [14]). The
underfill filet residue is highly stressed in tension and impacts values in
HgCdTe at the edges.

After gluing to hosting substrate and cooling back to 100 K, 644 and
oyy values did not change significantly in thin layers, with 51 MPa in
HgCdTe, 70 MPa in the interconnection layer and 31 MPa in CMOS. The
stress in silicon is still biaxial with values depending on z position: —4
MPa at the interface with CMOS and —6 MPa at the glued interface with
hosting substrate. The latter also shows a low biaxial stress with a dis-
tribution along z position: from 4 MPa at the interface with the glue to
—6 MPa at the backside. Finally, the biaxial stress in the glue is about 49
MPa, close to the yield stress.

3.3.3. Local sensitivity analysis

In order to identify the most sensitive parameters, i.e. those which
can be responsible for the difference between experimental measure-
ments and FEM results, a local parametric study was performed
considering nominal FEM through a one-factor-at-a-time method.

The studied parameters were uncertainties on CMOS layer (ther-
momechanical properties, initial stress and alternative assumptions:
CMOS = Si and CMOS = SiO»), interconnection layer (thermomechan-
ical properties, thickness and shrinkage due to epoxy curing) and
HgCdTe (thermomechanical properties and initial strain). Detailed re-
sults are presented only for the main parameters in Table 3.

One of the main tendencies highlighted by this sensitivity analysis is
that the stress in HgCdTe is barely impacted by the uncertainties, with
the exception of those attached to HgCdTe itself. As expected from XRD
results, different initial stress states only lead to different offsets: it does
not change the evolution with temperature (in Table 3, for “cinjtal HgcdTe
(biaxial)”, stress values are presented to ease the reading, but the
parameter which has been modified is the initial strain: it has been
combined with the CTE).

Moreover, many parameters have a strong influence on warpage. The
thickness of each thin layer impacts warpage linearly, and so do the
stiffness and thermal expansion until the yield stress is reached.

3.3.4. Extrapolation to large formats

After complete analysis of the studied IR detector, FEM simulation
has been applied to larger formats to predict the evolution of stress and
warpage: 500 x 500, 1000 x 1000, 1500 x 1500 and 2000 x 2000
pixels (30 pm pixel pitch). In both cases (detector alone in Fig. 9a and
detector with hosting substrate in Fig. 10a), the FEM results show that
the warpage grows dramatically with the size of detectors. The analyt-
ical models indicate proportionality between warpage and squared di-
agonal of the sample (egs. (6) and (7)). Figs. 9b and 10b confirm that this
relation is still relevant, even without considering the elastic assumption
and the geometrical simplification associated with analytical models.

On the other hand, stress in HgCdTe is not significantly impacted by
the increase of the detector format (FEM). The stress increase of +40



Fig. 8. FEM results at 100 K (z displacement Uz, o4 and oyy) for the hybridized detector, before (a, b, c) and after (d, e, f) gluing to hosting substrate.

Table 3

FEM local sensitivity analysis on the main parameters (one-factor-at-a-time method): “low” indicates variations under 5%.

Parameter Nominal or unit ~ Value or variation imposed ~ Impact on results
GHgcdre 100 K (51 MPa) Ongedre RT (12 MPa) Warpage 100 K (3 pm) Warpage RT (0.6 pm)
CMOS hypothesis EHM CMOS=Si low low —21% —24%
CMOS=SiO, low low —62% —65%
€initial cmos (biaxial) 0 —2.107* low low —13% —66%
+2.1071 low low +13% +66%
Epoxy shrinkage AL/L=0 AL/L = 0.22% low low +11% +19%
AL/L = 1% low low +71% +85%
CTEngedre 107/K ~10% —~17% —23% —6% —9%
+10% +17% +23% +6% —9%
Ginitial Hgcare (biaxial) 0 —15 MPa —15 MPa —15 MPa ~10% —48%
+15 MPa +15 MPa +15 MPa +10% +47%

MPa from room temperature to 100 K remains constant whatever the
format. This result is in good agreement with the analytical models (eq.
(8)) wherein the thin layer stress calculation does not depend on format.

4. Discussion
4.1. Stress in HgCdTe

For the hybridized detector only, if there are some differences for the
three samples (A, B and C) due to variations of the lattice-mismatch-
induced stress from the epitaxial growth, all the values measured by
XRD shown in Table 1 are biaxial in the xy plane and consistent with the
analytical and finite element models (Fig. 8). The variations as a func-
tion of temperature are similar: approximately +40-45 MPa from room
temperature up to 100 K. The biaxiality can be explained as a first
approximation by the fact that the substrate imposes its CTE on thin
layers in all the in-plane directions (eq. (7)), while the orthogonal di-
rection (z) is stress-free (free surface). As regards the lattice parameter

variations coming from epitaxy, the expected results are confirmed (eq.
(1)), with the most compressive stress for the sample A whose substrate
CZT had the lowest lattice parameter, and the highest tensile stress for
the sample C whose CZT substrate had the highest lattice parameter.

4.2. Sample C shows other differences

- it first has a slightly thicker silicon substrate, but as illustrated by
equation 10 and the work of Stoney, as long as this thickness is very
large compared to that of thin films, the residual stresses are not
significantly impacted.

the CMOS and interconnection layers have higher pixel densities,
and therefore slightly different thermomechanical properties from
those of samples A and B. But the sensitivity analysis showed that
slight variations in the properties of these thin layers do not signif-
icantly impact the stresses in HgCdTe.

This sample is also particularly interesting when discussing the yield
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Fig. 9. Evolution of warpage with the format of the hybridized detector as a
function of a) temperature for several formats and b) squared diagonal for
several temperatures (FEM results).
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Fig. 10. Evolution of warpage with the format of the detector after gluing to
the hosting substrate as a function of a) temperature for several formats and b)
squared diagonal for several temperatures (FEM results).

stress of HgCdTe, since it is the one which leads to the highest tensile
values: 57 MPa at 100 K. Since the behavior of HgCdTe is expected to be
elastic-perfectly plastic, the yield stress is therefore at least equal to this
value. It is significantly higher than those mentioned in the literature
(around 15 MPa at 293 K [8,16]), but this can be explained by the
cryogenic temperature of 100 K as well as by the possible diffusion of
zinc before removal of the CZT substrate.

After assembly to the hosting substrate, the level of stress does not
change significantly, whether considering XRD measurements or FEM
simulations. This confirms the relevance of the choice of AIN, the CTE of
which is sufficiently close to that of silicon not to modify the stress in
HgCdTe.

Regarding the evolution with the format of the detector, the FEM
simulations are consistent with the analytical models and do not show a
significant impact on the stress in HgCdTe (whether with or without a
hosting substrate). It is thus a parameter whose modelling is quite reli-
able (uncertainty of only a few MPa), whatever the initial value. It is
therefore simply necessary to keep the well-known recommendations:
favor the lowest lattice parameter variations from the epitaxial growth
to minimize the density of dislocations and be careful not to increase the
stress level in HgCdTe with an unsuitable hosting substrate.

4.3. Warpage

For the hybridized detector only, a 0.5 pm difference exists at the
initial state between the measurements and the FEM simulations carried
out for the two samples D and E, but it is not significant since a vari-
ability in the initial state of flatness due to imperfection of the
manufacturing process is expected. The most important is that the
evolution with temperature is well predicted, with a very good corre-
lation between experiments and simulations. The analytical models
predict an evolution of warpage approximately twice bigger, but as it
was shown by the FEM simulations, this difference is due to the
geometrical simplification and the elastic assumption (FEM gives
equivalent results with the analytical models only in the case of a
multilayer plate under elastic assumption). However, the sensitivity
analysis shows that part of the relationships that can be deduced from
the analytical models remains relevant for the hybridized detector: the
contribution of the layers is proportional to their thickness, as well as to
their stiffness and their CTE as long as the yield stress is not reached.

The sensitivity study (Table 3) makes it possible to identify two
highly influential parameters: the initial stress value in CMOS and the
cure shrinkage of underfill epoxy (these two parameters lead together to
an uncertainty of about 80% on the warpage value at 100 K). The con-
sistency between simulations and measured values suggests that there
were no big errors in the input data, especially when making the
assumption of negligible cure shrinkage. Regarding the evolution with
format, whatever the temperature, and whether with or without hosting
substrate, the FEM simulations (Figs. 9b and 10b) show a proportional
relationship between warpage and squared diagonal of the detector: this
implies a constant radius of curvature, in accordance with the analytical
models.

After assembly to the hosting substrate, the warpage is reduced
whatever the format as shown in Fig. 10, with a minimum around 110 K,
very close to the operating temperature as expected, and a maximum
around 200 K. The latter corresponds both to the glass transition tem-
perature of the glue and to the temperature below which the CTE of AIN
and Si diverge.

The gap between the two largest samples extrapolated (86 mm di-
agonal) and measured (13.4 mm diagonal) shows the limit of the
models; the uncertainty in the simulated values for large formats is
indeed very high (about 80%), with no experimental measurement for
validation. For the hybridized detector only, considering the 2000 x
2000 format, the value reached at 100 K (140 pm) is such that it could
not meet the flatness specifications around 20 pm for this type of de-
tectors (optical requirements). For the hybridized detector on the



hosting substrate, the predicted value (15 pm) may be sufficient to meet
specifications, but this should be verified by direct measurements.

Unlike the stress in HgCdTe that does not change with the format,
flatness is therefore an important parameter to take into account when
enlarging the size of the detectors. If there does not seem to be a tech-
nological barrier for the moment, since there are many possibilities to
limit variations in warpage with temperature (increase in the thickness
of the hosting substrate, deposit of thin compensation layers at the rear
...), a warpage measurement will be systematically necessary to ensure
the performances at operating temperature.

5. Conclusions

The aim of this work was to estimate the thermomechanical behavior
of large format infrared detectors by FEM based on a multi-method
analysis of a 320 x 256, 30 pm pixel pitch IR detector, focusing on
stress in the HgCdTe layer and warpage. The hybridized detector was
studied at room temperature and 100 K, both alone and after being glued
to an AIN hosting substrate. Then, the behavior of larger formats was
extrapolated by FEM and compared to predictions from analytical
models. The main results are:

- from XRD results, the yield stress of HgCdTe at 100 K is at least 57
MPa.

the stress values in HgCdTe are all biaxial, with either compression
or tension at room temperature mainly due to the lattice mismatch
during epitaxy from CdZnTe, and with an increase of about 40-45
MPa when cooling down to 100 K (consistent between FEM, XRD and
analytical models). The initial value is variable from one sample to
another mainly depending on lattice mismatch during epitaxy.
Gluing to AIN hosting substrate has a very low impact on the results.
warpage increases by around 2,5 pm when cooling from room tem-
perature to 100 K for the hybridized circuit alone and is less than 1
pm after being glued to the hosting substrate. The measurements on
two samples fit well with FEM results.

the analytical models and the FEM local analysis show that the
prediction of stress in HgCdTe is reliable, with only a few un-
certainties coming from the CTE values and the level of initial stress
due to the lattice mismatch during HgCdTe epitaxy on CdZnTe. The
warpage values depend on more parameters, mainly the properties of
the CMOS layer and the cure shrinkage of epoxy.

enlarging the format has no significant impact on stress in HgCdTe,
but warpage is proportional to the squared diagonal of the sample: it
is therefore a key parameter for the thermomechanical design and
reliability of large format detectors in relation to the optical planarity
requirements.
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