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Wafer Level micro-Encapsulation 

David I. Forehand and Charles L. Goldsmith 
MEMtronics Corporation 

Piano, Texas, USA 75075 
dforehand@memtronics.com 

Abstract: Wafer-level micro-encapsulation is an 
innovative, low-cost, wafer-level packaging method for 
encapsulating RF MEMS switches. This zero-level 
packaging technique has demonstrated < 0.1 dB package 
insertion loss up through 110 GHz and accounts for only 
28% of the total packaged RF MEMS circuit cost. This 
article overviews the processes, measurements, and testing 
methods used for determining the integrity and 
performance of individual encapsulated RF MEMS 
packages. 

Keywords: RF MEMS; low loss; packaging; wafer-level; 
hermeticity; humiticity. 

Introduction 
RF MEMS switch reliability, packaging, and cost issues 
severely limit their use in military, space, and commercial 
applications, despite their demonstrated performance 
advantages. Switch packaging is quickly moving to the 
forefront as the dominant problem to be solved, since it 
significantly impacts both switch reliability and cost. 

Conventional packaging methods have come up short in 
both cost and loss. Standard ceramic microwave packages 
cost ~$50 each and have losses which are generally greater 
than the MEMS circuit they are trying to protect. 
Consequently, most MEMS development efforts are 
focused on reducing loss and cost utilizing wafer-level 
packaging (WLP) such as wafer bonding using anodic 
bonding, metal-metal, or glass-frit seals. However, these 
WLP techniques suffer from high cost (70-80% of total 
device cost) and require either hermetic via interconnects 
inside the package or careful design to obtain moderate 
interconnect losses through the seal ring. This seal ring 
occupies significant area and decreases the number of 
potential devices per wafer. In addition, most WLP 
techniques are not easily scalable to different RF device 
sizes, types, or frequencies. 

A promising wafer-level packaging alternative to wafer- 
bonding is wafer-level micro-encapsulation (WLuE). With 
this technique, individual "cages" are constructed over each 
switch using the same sacrificial micromachining 
techniques used to fabricate the RF MEMS switches [1]. 
Unlike most other WLP schemes, WLuE requires no 
special RF transition through the package to achieve 
extremely low-loss and is easily scalable to different RF 
device sizes, types, or frequencies. 

A key challenge with the ~1 nL cavities of WLuE is to 
demonstrate good switch lifetimes in harsh environments. 
Fabricating and measuring the desired environment in nL- 
scale packages poses unique challenges. The He fine leak 
testing of MIL-883D is not fully applicable for cavity 
volumes < 1,000 nL [2]. Fortunately, unlike resonators, the 
operation of RF MEMS switches is not adversely affected 
by oxygen, nitrogen, or helium. Instead, RF MEMS switch 
operation is very sensitive to humidity levels because the 
surface tension of adsorbed water molecules is sufficient to 
overcome the membrane restoring force and create stiction. 
For a switch design with a spring constant of 5-10 N/m, 
water vapor induced stiction at room temperature occurs 
between 30-50% RH. Therefore, humiticity test procedures 
are being developed to investigate water diffusion into the 
micro-packages, utilizing dew point sensors and 
accelerated testing similar to [3]. 

Process 
Wafer-level micro-encapsulated humidity sensors were 
fabricated on 150 mm Corning 7740 glass substrates and 
are shown in Figure 1. The dew point sensors consist of 
interdigitated electrodes in three size variations; 2.5 urn, 5 
p-m, and 10 urn lines and spaces. These comb structures 
were fabricated in the switch electrode layer. The mask set 
was designed to simultaneously build the sensors and RF 
MEMS switches on the same wafer. A schematic cross- 
section of a WLuE RF MEMS switch package is shown in 
Figure 2. A conventional switch process sequence through 
membrane pattern was utilized as: 1) wafer clean, 2) 
deposit/pattern/etch (D/P/E) 300 nm gold electrode, 3) 
D/P/E 250 nm Si02 switch dielectric, 4) electroplate 2.5 
p.m copper transmission lines, 5) pattern organic sacrificial 
layer, and 6) D/P/E 350 nm aluminum alloy membrane. 

Figure 1. Photo of a microencapsulated package 
containing a dew-point sensor. 
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Instead of releasing the membrane at this point in the 
process flow, as would occur for unpackaged switches or 
other packaging schemes, an additional cage sacrificial 
layer was applied over the unreleased switch membrane. 
Next the dielectric cage was deposited. This cage 
sacrificial layer creates the desired separation between the 
membrane and packaging cage. 

Device/ 
Package 
Cross- 
Section 

Mantra ne Sealar* 

Transmssion 
Lines 

Electrode 

Glass 
Substrate     Substrate 

Ground Plane 

Figure 2. A cross-section of the microencapsulated 
package reveals a cage, encapsulation, and a 

sealant protecting the MEMS switch inside. 

Holes were patterned and etched into the cage and the 
sacrificial layers were plasma etched to create a released 
switch with a packaging superstructure above it. After 
release, a liquid encapsulant, such as spin-on-glass (SOG) 
or Cyclotene series 4000 benzocyclobutene (BCB), was 
applied over the entire wafer while in a dry nitrogen 
atmosphere. The surface tension of the SOG or BCB 
ensures that it covers the cage structure but does not wick 
through the cage holes to encroach onto the switch. The 
SOG or BCB was then cured at 250°C to form a closed seal 
over the switch. At this point in the process flow, the 
micro-encapsulation provides the minimum level of 
protection from humidity. Additional sealant overcoats can 
be applied to increase the level of protection. However, to 
ascertain the minimum humidity protection of micro- 
encapsulation, some packaged dew point sensors were 
subjected to accelerated lifetime testing after the BCB was 
cured. 

Results 
RF Measurements - Detailed RF measurements up to W- 
band have been made on the packaging structures created 
by wafer-level micro-encapsulation. Measurements were 
made on a Cascade Summit 12000 test station connected to 
an Agilent 85 IOC vector network analyzer. Calibration 
was accomplished using Cascade's WinCal software with a 
probe-tip calibration (LRRM). Figure 3 demonstrates the 
insertion loss through 110 GHz for a simple transmission 
line and a transmission line with a microencapsulated 
package on top. The difference in insertion loss is barely 
discernable in this measurement. Similarly, the return 
losses of both structures are shown in Figure 3. The return 
loss shows an excellent impedance match across the band 
of measurement.   More detailed measurements have been 

performed over the 8-50 GHz range with a single-delay 
TRL calibration to de-embed all but the package 
performance. These measurements reveal an insertion loss 
on the order of 0.03-0.05 dB at 35 GHz. 
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Figure 3. Comparison of transmission line and 
package losses reveals very little package loss up 

through 110 GHz. 

Humiticity: The dew point sensors were tested by 
measuring current versus voltage, in a Cascade Attoguard 
test station with a Keithley S4200 semiconductor parameter 
analyzer. To characterize the 2.5 urn sensor baseline 
operation, several micro-packages were pierced to allow 
either dry nitrogen or humid cleanroom air (20°C, 45% 
RH, dew point ~7°C) to contact the sensor. The baseline 
sensors were baked out in dry nitrogen at 115°C for 10 
minutes. Current-voltage measurements were taken in dry 
nitrogen with chuck temperatures of 100°C, 75°C, 50°C, 
25°C, and 0°C. Figure 4 show the I-V data for 100°C, 
25°C, and 0°C. The current decreases with decreasing 
temperature. The measurement noise floor was measured 
with the probes in the up/open position and is shown in the 
bottom trace of each graph. 

The dry nitrogen was turned off and the front panel of the 
test station was opened to allow the environment to reach 
equilibrium with the cleanroom air. The resulting I-V data 
for chuck temperatures of 25°C and 2°C are shown in 
Figure 5. As expected, the 2°C data shows a >106 increase 
in current, indicating the sensor is very sensitive to 
condensation. Comparing the 25°C dry nitrogen to humid 
cleanroom air data, Figures 4 and 5, the average current at 
40V of the dew point sensors increases from ~7xl0"13 A to 
~4 xlO" A. This 60x increase in current is caused by the 
thin adsorbed water layer. The humid cleanroom air 
approximates where RF MEMS switches have been 
observed to exhibit water related stiction failure. A dew 
point sensor current of 4 xlO" A at 40V will be used to 
approximate this condition. 
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Figure 4 - l-V calibration curves for dew point 
sensors under dry conditions. 

Figure 5 - l-V calibration curves for dew point 
sensors under humid conditions. 

Fully packaged sensors were subjected to accelerated 
lifetime cycles and then I-Vs measured. The acceleration 
factor (AF), which relates the desired operating conditions 
to the accelerated test conditions, is based on the two-stress 
Eyring model [4] and modified by Halliberg and Peck [5] 
for humid environments, 

AF = 
(RH-»eAE'"T)l operating conditions 

(RH"e^/kTl accelerated conditions 

where RH is relative humidity, AEa is the activation energy, 
k is Boltzman's constant, and T is absolute temperature. 

The recommended values for AEa and n are 0.9eV and 3, 
respectively. 

In this experiment, samples were subjected to accelerated 
temperature and humidity conditions. The acceleration 
factor between standard room conditions (25°C, 50% RH) 
and the accelerated conditions (135°C, 100% RH) is ~105. 
Twelve micro-packaged dew point sensors on a single die 
received sequential accelerated test sequences (ATSs). 
Integrating the AF over a single ATS profile gives an 
equivalent time of-21 years at standard room conditions. 

Figures 6 shows l-V curves of the packaged dew point 
sensors after 0, 1, 2, and 5 ATSs, (0, 21, 42, and 105 years 
at standard room conditions). The micro-packaged sensor 
data indicates increasing adsorbed water inside the package 
with increasing accelerated test time, which is to be 
expected for a diffusion related phenomenon. Using 4x10"" 
A as the threshold of package failure for an RF MEMS 
switch, the 50% failure rate would occur around 42 years at 
standard room conditions. 

Figure 6. l-V response of dew point sensors with 
sequential accelerated test sequences. 

Measurement of these dew point sensors at lower 
temperatures did not indicate an abrupt current increase at 
the anticipated dew point temperature.    This may be 
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explained by the fact that the baseline sensors were 
exposed an essentially infinite source of water vapor which 
would continue to condense onto the sensor as long as the 
temperature is below the dew point. In contrast, a 1 nL 
package contains an extremely small volume of water 
vapor that can condense. If all the water vapor in a 1 nL 
package with an environment of 25°C, 50% RH, adsorbed 
onto the inside package surfaces, then the increased 
thickness would be only 0.3 angstroms of H20. According 
to Freund [6], the adsorbed water thickness on gold for 
50% RH is 100-200 angstroms. It has been observed that 
an unpackaged RF MEMS switch will fail from moisture 
stiction between 30-50% RH, which should correspond to 
at least 100 angstroms adsorbed water. Therefore, as a 1 
nL package is cooled below dew point, the adsorbed water 
thickness would insignificantly increase, and no abrupt dew 
point sensor current increase would occur. 

Packaging Cost - The processes used to accomplish the 
micro-encapsulation of the MEMS device consist of 
standard semiconductor and MEMS fabrication processes. 
Table 1 outlines the required steps to fabricate both the 
MEMS switch and the packaged MEMS switch. Each step 
is rated according to the number of required "turns," i.e. 
discrete fabrication steps. A typical layer might require 
pattern/deposit/lift or deposit/pattem/etch processes, which 
would be counted as three turns. 

Table 1. Calculation of relative processing costs for 
MEMS switch fabrication and micro-encapsulation. 

Process Turns 
Substrate clean 1 
Switch electrode 3 
Switch dielectric 3 
Switch posts 3 
Switch sacrificial layer 1 
Switch membrane 3 

Release 2 

Package sacrificial layer 1 
Package cage 3 
Encapsulation 2 

Unpackaged Switch Processes 16 
Packaged Switch Processes 22 

Package Cost 
(relative to total switch cost) 138% 

Inspection of the table shows that microencapsulated 
switch requires only 38% more processing than an 
unpackaged switch. This means the packaging processes 
account for only 28% of the total packaged switch cost. 
This is a significant cost reduction compared to many 
conventional MEMS WLP strategies where the packaging 
accounts for 70%-80% of the total cost. 

The cost equation is further enhanced by the fact that 
micro-encapsulation requires no additional seal ring to 
package the devices. Glass-frit WLP techniques typically 
require a seal ring and interconnect area of 0.3-0.7 mm per 

side. Assuming a 1 x 2 mm RF MEMS phase shifter and a 
150 mm wafer (with a 5 mm exclusion zone and 150 um 
saw kerf), there are 2152 potential phase shifter die per 
wafer for glass-frit WLP. The same circuits without a 0.5 
mm seal ring/interconnect area all around the die yields 
6000 potential circuits per wafer. This produces 2.8x more 
phase shifters for the same wafer area. Eliminating the seal 
ring area greatly increases the number of available circuits 
per wafer, which significantly reduces the cost per circuit. 

Conclusion 
A process has been developed to effectively package 
RF MEMS switches using a new technique called 
wafer-level micro-encapsulation. This technique is 
designed to be completely compatible with high- 
performance RF MEMS switch fabrication. The 
packages created with this technique exhibit 
extremely low loss at frequencies greater than 100 
GHz. Thorough characterization of these packages is 
an on-going activity, but initial results are very 
promising. Preliminary accelerated lifetime data of 
wafer lever micro-encapsulation indicates an RF 
MEMS lifetime of -40 years at room conditions. 
Additional sealant layers will increase this further. 
The compatibility of this package with MEMS switch 
processing, the extremely low loss and RF parasitics, 
and the potential for near-hermetic encapsulation 
makes these packages a promising solution for 
packaging and protecting a variety of MEMS devices, 
including RF MEMS switches. 
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