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In applications such as avionic and aerospace electronics

Abstract—The use of Quad Flat No-leads (QFNs) in high where high reliability is essential, conformal coatings are being
reliability applications is receiving increased interest. To address sed to provide extra protection to the printed circuit board
concerns of harsh working environments, con_formal c_oatings_ are (PCB) from harsh environments that may include dust,
used to protect the components and associated printed Circuit .pomicals, vibration etc. [5-6]. Another benefit from the use of
board (PCB). However, using conformal coatings can pose a conformal coating is it can reduce the risk of tin-whiskers on

reliability risk for the components on the PCB. This paper details : - .
an investigation into the effect of conformal coatings on the PUe tin surface finishes [7-10]. Although the thermal cycling

reliability of QFN second-level solder interconnections. Five QFN  r€liability of QFNs has been previously studied [1-3], there is a
package types and two types of conformal coatings were lack of understanding about the impact of using conformal
investigated. In the experiments, a large population of QFN coating on the reliability of these components [4].

assemblies coated with conformal coatings were subjected to a Conformal coating is a thin polymeric film which ‘conforms’
thermal cycling test condition. These components, designed with to the contours of a printed circuit board to protect the board
dals_y chain connections, were monltor_ed during the thermal 4nq components. This coating can be applied onto the PCB
cycling tests and the exact time for failure to occur for each using methods such as brushing, spraying and dipping, with a

component was recorded and analyzed. Detailed finite element . . . )
models for the tested QFN assemblies were developed, the inelastictyplcal thickness of 30-130um. When QFNs are conformably

strain energy density was used as the damage indicator to evaluatecoated' the coating can penetrate under the packag(-_z and fill the
the impact of conformal coating on the solder joint reliability. ~9ap between the package and the PCB board. During thermal
Modelling results reveals that conformal coating plays a complex cycling, the coating expands or shrinks as temperature changes
role in QFN solder joint reliability, the presence of conformal and has an impact on the mechanical behavior of the solder
coating results in a reduction in the shear stress in the solder joint joints and hence their reliability. Previous experimental study
and plays a positive role in solder reliability, but it also induces [11] has identified that using a conformal coating can have
more stress in the solder joint in the out-of-plane direction and ~ gjgnjficant impact on the solder reliability of QFNs. The cycles
plays a negative role. These two mechanisms are competing andy, 't4ij re of the solder joint could reduce from ~2,500 cycles
the relative magnitude of them will determine the overall effect of '
> - - for un-coated QFNs to 300 cycles for coated QFNs. However,
conformal coating on solder joint reliability. . .
in the work reported by Y. C Deng et.al. [12], it was found that
Index Terms— QFN, conformal coating, reliability, finite ~USiNg conformal coating actually improved the thermal
element analysis, thermal cycling mechanical reliability of QFN assemblies up to 1000 cycles.
This indicates that conformal coating plays a complex role in
the solder reliability of QFNs and the level of this impact could
I. INTRODUCTION be dependent on the package size, coating properties etc.

FNs (Quad-Flat No Leads) are one of the most successhjthough the impact of conformal coating on the reliability of
Qpackages today in the consumer electronics mark&FNs were investigated using computational models by
Compared to other no-lead packages, they offer smifianco, et al. [4], the models used were simplified and there
form factor, good electrical and thermal performance, and ap@s lack of discussion about the solder behavior in such
generally lower in cost [1-3]. Manufacturers of high reliabilityconformally coated QFNs.
electronic systems, who rely on the commercial electronics!n this paper, a comprehensive study was carried out to
supply chain for advanced packages, are showing incread@yestigate the impact of using conformal coating on the
interests in using QFNs in their systems in order to meet
miniaturization and functionality goals [4].

This paragraph of the first footnote will contain the date on which yoNational Institute of Standards and Technology, Boulder, CO 80305 USA (e-
submitted your paper for review. It will also contain support informationmail: author@ boulder.nist.gov).
including sponsor and financial support acknowledgment. For example, “This S. B. Author, Jr., was with Rice University, Houston, TX 77005 USA. He is
work was supported in part by the U.S. Department of Commerce under Graotv with the Department of Physics, Colorado State University, Fort Collins,
BS123456.” CO 80523 USA (e-mail: author@lamar.colostate.edu).

The next few paragraphs should contain the authors’ current affiliations, T. C. Author is with the Electrical Engineering Department, University of
including current address and e-mail. For example, F. A. Author is with ti@olorado, Boulder, CO 80309 USA, on leave from the National Research

Institute for Metals, Tsukuba, Japan (e-mail: author@nrim.go.jp).



Table 1. Geometry information of the tested QFN components

Ref Type of | Package| Pin |Pitch Package dimension (mm) Die size (mm) Thickness Paddle to
no. QFN image | count | (Mm) [Tenath [ Width| Thickness Length | Width| Thickness ©f Paddle| package
(mm) area ratio

P1 Plastic - 32 05 5 5 0.75 32| 3.2 0.15 0.2 0.48
P2 Plastic m 38 0.5 5 7 0.75 2.9 4.9 0.2 0.2 0.46
P3 | Plastic - 64 05 9 9 0.75 5 5 0.2 0.2 0.63
P4 | Plastic - 80 0.5 12 12 0.85 8 8 0.25 0.2 0.55
C1 | Ceramic - 16 0.5 3 3 0.92 07| 0.7 0.15

reliability of QFNs. Both experimental and computationaé
modeling methods were used; five types of QFNs (including ] ) ) )
plastic and ceramic QFNs) and two types of conformal coatings™ large population of QFN components, designed with daisy
were investigated. Reliability testing was carried out for thgh@in connections, were assembled onto FR4 PCB boards
selected components with or without a conformal coating afg-81mm in thickness) with Sn62/Pb36/Ag2 solder. After that,
the results were statistically analyzed. Failure analysis wa8€ Of the two conformal coatings was applied onto the PCB
carried out to reveal the failure mode of the components and f#R&rd using a manual spraying method and cured at a suggested
findings were also used to validate the modeling results, Fgffing temperature for a certain period of time. These
each component type, a detailed finite element model wagSemblies were then subjected to thermal cycling test
developed and the solder damage accumulated over one theffRAditions of -25 to 100°C, with 10 minutes ramp and 10
cycle was calculated and used as the damage indicator. THEutes dwell. During the thermal cycling test, the daisy chains
modeling results show that conformal coating plays a compl¥€re continuously monitored by detectors and solder joint

role in QFN solder joint reliability, a detailed discussion on thitdilures were recorded automatically with the cycle number and
role is provided in the paper. temperature at time of the failure. Test results were statistically

analyzed and the cycles to failure for each type of package were
obtained. After the thermal cycling tests, some of the samples
) were cross sectioned for failure mode analysis, and some of
A. Components and Conformal Coatings them went through a mechanical test in which the QFN
Five types of QFNs and two types of conformal coatingsomponent was removed from the PCB board to reveal the
were selected and investigated in this work. The referenceating penetration levels underneath the package.
number and package geometric details for each QFN areThe test chamber used for this work and the PCBs with
provided in Table 1. The selected plastic QFNs varies in sizifferent types of QFNs are shown in Figure 2.
although they have similar internal construction, there is some
variability in geometry factors such as the die to package ratitagmm
and the paddle to package ratio. The two types of conforma
coatings (Coating A and Coating B) are made of differenti_ "““”“"“
materials. Coating A is a polyurethane and Coating B is ar®
acrylic. Figure 1 shows how the QFN component (P1) typically s
looks when it is coated with these conformal coatings. -

Experimental Procedure

Il. RELIABILITY TESTING

s

Gy &z -
(b) PCBs with QFNs

Thermal cycling test chamber

@)

Fig. 2. Thermal cycling chamber and PCB boards with QFNs insic
chamber

Fig. 1. P1QFN (5X5) component with one of the conformal coatings



C. Experimental Results

Reliability test data of the QFN packages were analyzed
using regression analysis to determine the Weibull shape factor
(B) and characteristic lifen]. The sample size was 30 for each
case. The results are shown in Table 2, where the characteristic
life reported corresponds to the number of cycles at which
63.2% of the population have failed. Two sets of life time data
(with coating A or coating B) were obtained for QFN
components P2, P3, P4 and C1. For component P1, extra data
points were collected to look into the impact of stencil thickness
(hence solder volume) on the reliability of QFNs. When a
thinner (0.004” in thickness) stencil is used, the solder joint Fig. 3. Microscope image showing a crack in a QFN solder joint

generally has a smaller solder stand-off height compared to thethis study, coating A tends to penetrate further underneath

one printed using a thicker (0.005” in thickness) stencil. the package. As an example, Figure 4 shows the coating A
Table 2. Experimentally measured life time for tested QFN packages penetrated underneath the package P1 and the coating profile
Case | Component | Coating | Thickness on the side and top surface of the package.
no. no. type of stencil B n
1 P1 A 0.005” 2.42 | 1593 = =
2 P2 A 0.005" 3.25| 1060 Fiesisse
3 P3 A 0.005" 1.96 | 1886 ;o —

4 P4 A 0.005" 251 | 1364 : : ‘
5 C1l A 0.005" 4.40 | 1048 - -
6 P1 B 0.005 7.49| 2874 o At
7 P2 B 0.005” 7.08 | 2264 - ik
8 P3 B 0.005” 4.34 | 2968
9 P4 B 0.005” 2.32| 1661
10 C1l B 0.005” 3.86| 1959
11 P1 No 0.004” 6.99 | 2118
coating
12 |P1 B 0.004” 7.37| 2869 Coating (variable

thickness: 5 to

The results of component P1 show that both types ¢ 100um)

conformal coatings have significant impact on the reliability of
QFNs. Compared to the no coating cases, when coating B
used, the lifetime of QFN assemblies is improved, while coatin:
A has an opposite effect. The parameters such as the thickness

of stencil show minor impact on component P1 (5x5) reliability IIl. FINITE ELEMENT ANALYSIS
when conformal coating is used. When compared to the othe
three plastic QFN types, the life time of the QFN generallé(

decreases with the package size except for component P3 (9 X, cross-sectional metallurgy and 3D CT scan were used to

which has the smallest d".a to package area ratio and b'ggr%ﬁeal the internal construction of each package. Together with
paddie to package area ratio among all QFN types. The cera information collected from the supplier, technical

QEE ajser?b![)t/] sr|1ows sg_?rEter .I'fe t'tmﬁ ;h?n mostLother plasggtasheets, experimentally measured solder stand-off height
QFNs due fo the larger mismatch between ecompongﬂtd coating profiles, a detailed 3-dimensional model was

and the PCB board. ;
The failure mode of such QFN assemblies was assesgﬁegeloped for each QFN type. Using the models developed,

ing SEM and optical mi It f d that th rmal mechanical analysis was carried out to predict the
using and opfical microscopy. it was confirmed that &amage distribution in the solder joint during the thermal
failure was due to cracking in the peripheral solder JOIn'[zgling test. The overall modelling workflow is detailed in

Fig. 4. Coating A penetration level and coating profile (Component P1)

rPackage characterization was firstly carried out to gather the
ta on package construction, geometry and materials. SEM-

p?[::cgla}[rlyfat thbe fornertﬁf the packag;e. Tge C(;e;(;]k Waﬁijl:l Jqure 5. ANSYS software was used for all aspects of the
atthe interface between the component pad and the solder | delling process: pre-processing, solution, and post-
and propagated into the solder fillet, as shown in Figure 3. .
. : processing.
The coating penetration level underneath the package was
assessed for all package types through a mechanical test. AheModel Development

component was removed from the PCB board to reveal thepuye to the symmetry of the package, a quarter model of the
coating penetration levels. Results showed that coati@@FN assembly was developed to save computation time. For
penetration level varies with the type of conformal coating argkample, the mesh model developed for component P1 without
the package type/size. For the two conformal coating types usRe conformal coating is shown in Figure 6. The terminations of
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Fig. 5. Modelling workflow

the QFN component are made of copper and the componerghspes of each solder joint were defined using the measured
connected to the PCB through a center solder joint amsdlder stand-off height and manufacturer’s target solder volume
peripheral solder joints. The impact of solder mask on sold&r capture a realistic shape.

reliability is normally ignored in modelling non-coated QFNSs; In comparison to Figure 6, Figure 7 shows the quarter model
however, in this case as this material is sitting in the coatigveloped for the same component (P1) when conformal
penetration area, they have been included into the model. Tduating is used. The component is covered by the conformal
coating and there is coating penetration underneath the package.
The coating profile on the top and side of the components was
taken from experimental measurements, it has a variable
thickness ranging from 5 to 100um. The coating penetration
underneath each package was defined using measurement data
and with assumptions that the perimeter of the coating seepage
underneath the package is in a regular shape (straight line) and
symmetrical, and the coating connects the bottom surface of the
Solder mash component to the top surface of the PCB. There was a trend
Copper with coating B for more coating to accumulate in the corner area
of the package, than at other terminations, and this has been
included into the model as well.

Moulding
Compound

B. Constitutive Equation for Modeling Solders

The mechanical properties of a solder material are highly
influenced by its creep behaviour when its homologous
temperature is getting close or above 0.5 [13, 14]. The
homologous temperature is defined as the ratio of the operating
and melting temperatures of the solders in absolute scale. As
SnPbAg solder (Sn: 62%, Pb: 36%, Ag: 2%) has a low melting
point of about 180°C, it has a homologous temperature greater
than 0.54 at - 25°C and 0.82 at 100°C, the creep behaviour of
this solder material needs to be modelled and this can be
achieved by using a suitable constitutive model for solders. In
this paper the Anand constitutive model, which is available in
ANSYS code, was used to represent the inelastic deformation
behavior of the solder. In the Anand model, plasticity and creep
are unified and described by the same set of flow and evolution
Coating relations [14].

Anand’s model can be broken into a flow equation and three
evolution equations, as shown below

Flow equation:

% = A{sink(fiﬂm ex;{—sl_j ®

Fig. 7. Mesh model of conformably coated QFN P1 assembly Evolution equations:

Fig. 6. Mesh model of non-coated QFN P1 assembly



ds . B|de Table 5..Material data for plastic QFNs .
*—{}%QBD S i @) Material | Modulus CTE Poisson’s | Tg
dt B dt (MPa) (ppm/°C) | ratio (°C)
s Solder 40000 at-50°C| 26 0.4
B=1-— )] 21800 at 60°C
S 12800 at 10(°C
dé‘p n Copper 120000 16.6 0.34
— Solder 3800 70 0.4
g =5 dtex;{—QJ @) mask
A RT Moulding | 29006 at 25°C | 7 (<Tq) 0.4 135
(for 920  at 260°C| 34 (>Ty)
There are 9 constants to define before the Anand model ¢; Comp. P1,
be used, as shown in Table 3. The value of these inp P2andP3
parameters can be obtained through a set of experimental te -
or a correlation process to match the results of the Anand moc E\]{Iéaruldmg 27000 g 4(?:9'2) 0.4 125
with other types of constitutive models. In this work, the valug Comp. P4) ¢
of these input parameters for SnPbAg solder material Wel B¢ attach | 9356 at -65°G 61 (<Ty) | 0.4 241
taken from previous published work and they were generate 7840 at 25°C | 195 (>Ty)
through a correlation process using the Darveaux’s constituti 6337 at 100°C
models [15]. 5092 at 150°C
3356 at 200°C|
Table 3.Anand Constants for ANSYS 62Sn36Pb2Ag Solder [15] PCB 22000 16 (xy) 0.35 159
Input Value [Definition 39 (2)
parameter Silicon 163000 2.69 0.28
s (MPa) 12.41 | Initial value of deformation resistange
Q/R (1/K) | 9400 Activation energy/boltzmann’s constant Table 6. Material data for ceramic QFN
A(l/s) 4E06 | Pre-exponential factor Material | Modulus (MPa) | CTE Poisson’s | Tg
& 1t Multiplier of stres (ppm/°C) |[ratio (°C)
m 0.303 | Strain rgte sensitivity of stress Solder 20000 ai50°C | 26 04
ho (MPa) 1379 Hardening constant 21800 at 60°C
§ (MPa) 13.79 | Coefficient for deformation resistande 12800 at 100°C
saturation value Copper | 120000 16.6 0.34
n 0.07 Strain rate sensitivity of saturation Solder 3800 70 0.4
(deformation resistance) value mask
a 1.3 Strain rate sensitivity of hardening Body 28000( 6.8 0.2
Die attach | 8400 at -65°C| 50 (<Tg) [0.4 103
C. Material Data and Loading Conditions 7300 at 25°C | 200 >Ty)
Thermo-mechanical analysis (TMA) and Dynamic- 2380 Z: 115%0%
medianical Analysis (DMA) were carried out to measure the 390 at 200°
temperature dependent material properties (modulus, CTE) f( pcg 22000 16 (x-y) [0.35 159
the conformal coatings above and below their glass transitig 39 (z
temperature, the data are listed in Table 4. GaAs Die | 110000 6.0 0.3
Table 4. Experimentally measured material data for conformal coating Tungsten | 400000 4.5 0.3
Conformal | Young’s CTE(ppm/°C) | Tg(°C) Lid Attach | 1400 110(<%y) 4 150
/Cxoatmt?n hggigluZt(MsZ?é 193 (<) 26 145CTg
coal - "
P | 3310 at-20'C | 340 01 Lid 280000 6.8 0.3
3020 at-0°C
iggg g: ig:g Data for all other materials in the assembly was obtained
820 at 60°C from the component supplier, technical datasheets or public
30  at80°C domain. All materials are assumed as linear elastic except
6 at 100°C solder where nonlinear material properties are used. Tables 5
B coating 7950 at-55°C | 1129 (<) 43.2 and 6 summarizes the material data used for the materials in the
6490 at-20°C | 300 (>T) plastic and ceramic QFNs respectively.
5370 at ‘OZC The thermal load in the simulations was defined to match the
i?gg Z: z218°g thermal cycling conditions used in the experimental tests and is
50  at60°C
7 at 80°C
3 at 3°C
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50 Fig. 10. Elements used for calculating the volume averaged damage
Time (s) The volume averaged damaigéh.. accumulated within the
Fig. 8. Thermal load used in simulations third temperature cycle in the solder joint was calculated for the

corner solder joint using the top three layers of elements
shown in Figure 8. Temperature starts at 180°C which is thep5um in thickness) under the component pad and some
solder joint solidification temperature, to include the residu@lements in the solder fillet, as shown in the Figure 10. This was
stress due to reflow. The curing (stress free) temperaturesy@ed as the damage indictor to assess the solder reliability. For
coatings A and B are provided by the manufacturer and they atgmponent P1 shown in Figure 9, although using conformal
90°C and 22°C respectively. The stress free temperature of Hifating has induced higher damage at the interface between the
PCB is 170°C and 145°C for the materials inside the Componqﬂjating and the joint, the volume averaged damage for the
The stress free temperature for the solder material is 180°C.selected elements is lower when conformal coating B is used.
Simulations were carried out for all the five types of QFN

D. Damage Distribution and Results : - ) <
. . . . - ?ackages with or without conformal coating. The predicted
The inelastic strain energy density was used as an indicafor

f the d induced in th d-level solder int s?lder damage is summarized in Figure 11. The results show
orthe damage Induced In the second-level Solder INErCONNEwRy o rmg coatings have a significant impact on the solder
under the applied thermal cycling load. Figure 9 shows the

damage distribution in the solder joints of component Prfhablhty of QFNs. The magnitude of this impact is dependent

, ) . . th k i d ti rties. H , usi
(P5X5) with and without conformal coating applied. The resulOn © package size and coaling properties. HOWEVer, using

. nformal coating does not always increase QFN solder
were taken at the end of the third temperature cycle (at -25° 9 Y Q . .
. o . L mage. Compared to non-coated cases, when coating B is
in both cases, and it is shown that the critical solder joint s

. . used, the damage in the solder joint is reduced in the smaller
located at the package corner which has the largest distanc 19 Jges (P1, P2, P3, C1), but increased in the larger package
the neutral point (DNP). The crack is likely to occur along th%D g Y ’ gerp g

4). When coating A is used, the damage in the solder joint

I H I ﬂ I I I m increased for all the packages. Simulation results were also
1

W No coating W With A coating With B coating
0.8
0.6
0.4
) I I I
.-
P2 P3 P4 C1

P1

Solder damage (MPa)

Type of QFN component
Fig. 11. Volume averaged damage for all tested QFNs

12

B Characteristic life from experiment -

(&) No coating (b) With coating E 1 | Normalized

— 000 I =
.800E-03 140622 280444 420267 -560089
070711 .210533 350356 490178 .63

0.8 B Inverse of model predicted damage -
Normalized
Fig. 9. Simulation predicted solder damage in P1 assembly (unit: MPa) 0.4
interface between component pad and the solder, and propag: °° I II I I I
into the solder fillet. The existence of conformal coating has o
1 2 3 4 5 6 7 8

changed the damage distribution within the corner solder joint
higher damage is seen at the interface between the solderjonFig 12. Trend analysis of the inverse of mopetdicted damage a

component pad and the conformal coating. experimentally measured life time (normalized data were used)

Normalized Value
o
[}

Case no. in Table 2



Neutral point
(assembly central point)

Out-of-plane direction (Z)
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Fig.13. Displacement measurement at extreme temperature Fig. 15. Solder movement in non-coated QFNs

compared to the experimental results for the cases where uc,.
. P in. displacements between node 1 and node 2 represents the
test data are available. As shown in Figure 12, a trend analysis. . . -
tive movement in the solder joint. When temperature

. i . . a
was carried out using the normalized experimental data and {he L .
9 P cpanges, the solder joint deforms and the relative movement

inverse of modeling predicted damage for the four types § tween the two nodes in x-direction reflects the magnitude of

plastic QFNs corresponding to the cases from no 1 to 8 in Table L L .
. . . ear strain in the solder joint. The relative movement between
2. The results show that the inverse of the simulations pre J . L

e two nodes in z-direction reflects the level of solder

damage generallyfol]ows the same trend as the experlmenta}ﬁxvement in the out-of-plane direction when temperature
measured cycle to failure.

changes.
E. Solder Joint Displacement Analysis As shown in Figure 14, the presence of conformal coating B
In order to have a better understanding of QFN sold&gduces the relative movement between the two selected node

behavior, the displacement within a solder joint of componetfications in the solder joint in both in-plane (X-Y) and out-of-
P1 was analyzed and the results were compared betweenRi@e (Z) directions. This indicates that the presence of coating
coating B and non-coated cases at -25°C (extreme temperat@e)educes the shear movement in the solder joint and also
in the third thermal cycle of experimental test. This analysis w&gnstrains the solder joint from its free movement in the out-of-
carried out using the center solder joint for the P1 package. Plane direction when temperature changes.
As shown in Figure .14, two chations (noqe 1 and node 2) piscussions on Solder Behavior
were picked up for this analysis. Node 1 is located at the . . . . -
. - uring thermal cycling test, movement in the solder joint can
interface between the component and solder joint, and nod ? . . LI
. . o e explained in two directions: in-plane and out-of-plane, as

has the same coordinate as node 1 in X direction but located at R . o

. o ; illustrated in Figure 15. In the in-plane direction, due to the CTE
the interface between solder joint and PCB pad. The difference .
mismatch between the PCB and component, the materials
expand/contract at different scale when temperature changes,
this induces shear strain/stress in the solder joint and the joints
furthest from the natural point are exposed to the highest shear
stress. In the out-of-plane direction, solder joints can

1.50E-03 expand/contract freely. Hence, the major failure mechanism of
the non-coated QFNs during the thermal cycling test is the shear
1.00€-03 stress induced by the CTE mismatch between the PCB and
component.
5.00E-04 When conformal coating is used, the presence of conformal
coating reduces the relative movement between the component
X z

2.50E-03

M No coating M With 1B31 coating
2.00E-03

Relative movement (mm)

0.00E+00 and PCB in the in-plane direction, helping to reduce the shear
strain/stress in the solder joint, and hence improves the solder
reliability (this is a positive role). In the out-of-plane direction,

Direction of relative movement

Fig. 14. Difference between ttdisplacements at node 1 and no
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