Exact science:

Automating precise
engineering processes

The chip attach process is fundamental to laser-diode

device performance; key parameters for assembly

and higher yields can result from exact measurements

and carefully constructed design of experiments.

oor assembly yields plague termi-
nal-device manufacturing today.
improvement

through tightly coupled automated
test and assembly can reduce component

Assembly  yield

costs by an order of magnitude and
increase device reliability. However,
automating the precise engineering
processes and measurements in-
volved in component manufacture
is challenging at best.

Laser diodes, widely used in sources
and amplifiers and predominantly en-
gineered with edge-emitting indium
phosphide (InP) chips, are a good ex-
ample of some of the engineering
challenges involved in developing pre-
cise assembly processes. The integrity
of the chip attach process—especially
with regard to thermal impedance
and coupling efficiency—is funda-
mental to the performance and relia-
bility of the entire device.

InP chip attach is a precisely engi-
neered process consisting of four-axis
alignment, placement, and profiled in
situ reflow of multiple gold-tin eutec-
tic interfaces. The bimetallic interfaces
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are the critical junctions that drain heat
away from a laser diode, which is capable
of generating extremely high-power den-
sities—up to 10 MW/cm?2. Placement ac-
curacy of the diode relative to the sub-
mount on which it is bonded must be
maintained to within £5-micron true po-
sition radial to ensure coupling efficiency
from the laser diode to the fiber.

Of the several factors influencing chip
attach integrity, the critical assembly pa-

rameters include device placement, down

force, slope of the heating ramp, dwell tem-

perature, dwell time at temperature, and slope

of the cooling ramp. In-process measurements test the impact of
each of these factors and give precise control over those variables
that affect the assembly process. A comparison of continuous wave
(CW) and pulsed light, current/voltage (L1/V) curves gives an im-
mediate indication of chip attach quality. A more sophisticated

Photo 1. P-side-up edge-emitting indium phosphide laser diode, eutectically at-

tached with gold-tin preform.
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Figure 1. The gold-tin
eutectic reflow profile for
an indium phosphide

Reflow profile
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during laser operation.

measurement that compares the
wavelength of the output light and
the temperature of the substrate for
various duty cycles of pulsed opera-
tion as well as CW operation can ac-
tually measure the thermal resist-
ance of the die bond, which gives a
guantitative measurement of the
bond’s quality. The highest yield is
achieved by paying careful attention
to the results of these measure-
ments.

Temperature control
The operating temperature of the
laser is a key factor in device reliability,
since threshold current tends to rise
with temperature, increasing the
amount of waste heat generated. Fur-
thermore, laser lifetime decreases as
temperature increases. To optimize
heat transfer, laser diodes are attached
by means of a low-ohmic, high-ther-
mal conductivity metallization in a
precisely controlled place and eutectic
reflow process (see Photo 1). The sol-
der joint functions as both the electri-
cal contact and the primary heat
transfer interface between the laser
diode and heat-sink. Without a robust
thermal interface, increased device
temperatures severely degrade light
output and device longevity.

During the device fabrication
process, external stress may be applied
to the diodes. In the cleaving of the
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processed wafers into diode arrays,
mechanical damage can be induced
from the cleaved edge of the crystal. In
some cases, dislocations are generated
from such regions. During die attach
or wire bonding, thermal or mechani-
cal stress is applied to the diode chips,
which may accumulate elastic strain
in the diode or generate mechanical
damage or scratches in the crystal. To

minimize stress, this assembly process
should be automated and recipe-
driven for extremely repeatable and
consistent results.

The reflow profile during an in situ
eutectic die attach process is engineered
to provide consistent melting and a
void-free attach interface (see Figure 1).
This approach results in consistent heat
transfer from the laser diode and con-
tributes significantly to temperature
stabilization during laser operation.
The power required to heat a device
rises directly in proportion to the area
required, according to the formula:

Q (heat energy required) = U (heat
transfer coefficient) x A (area) x AT
(change in temperature).

Programmable pulse heating cou-
pled with automated component at-
tach provides the recipe-driven
process control essential to producing
high-yield, high-performance laser-
diode assemblies. During the in situ
reflow process, temperature slopes for

Photo 2. A prototype setup for measuring the thermal resistance of a chip-on-carrier (CoC)
die bond, including a temperature-controlled CoC mount, electrical probes, and a fiber
probe to couple light from the laser chip itself.



heating and cooling, over-
shoot, and dwell times are
programmable to enable
process optimization and 2

25—

repeatability. Tightly cou- %

pled temperature control g 7

ensures profiles are tracked "g‘

repeatedly in production. E i
= 05—

‘ . Kagi .

\ SPECIAL REPORTS

Integrity by design
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ing this comparison is of a
pass/fail nature. The chip at-
tach process is either good
enough or the test indicates
failure. A more quantitative
measure of die bond efficacy
can be obtained by making
use of the fact that several
measurable characteristics of
laser diodes depend on junc-

A basic understanding of 0
the relative effect of the key
factors in achieving reli-
able, low thermal imped-
ance chip attach—device
placement, down force,
slope of the heating ramp,
dwell temperature, dwell time at tem-
perature, and slope of the cooling
ramp—needs to be determined
through a carefully designed set of ex-
periments. These experiments pro-
vide a powerful means to achieve
breakthrough improvements in prod-
uct quality and process efficiency. An
analysis of a variances experiment can
identify the degree of contribution of
each of these factors and their relative
interactions. In this initial stage of
process development, the appropriate
design choice is a fractional two-level
factorial. This type of experimental
design screens a large number of fac-
tors in a minimal number of runs.
During the experimental design, the
following guidelines should be ob-
served:

o Measure responses quantitative-
ly—avoid pass/fail and subjective
measurements.

o Replicate to dampen uncontrollable
variation (noise), which improves the
chance of detecting a statistically sig-
nificant effect (the signal) in the
midst of natural process variation
(the noise).

o Randomize the run order to avoid
influence by uncontrolled variables.

e Block out known sources of varia-
tion—divide the experimental runs
into homogenous blocks, then arith-
metically remove the difference,
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Figure 2. If the heat flow through the die bond is high, the contin-
uous wave and light current curve will be similar, indicating chip at-
tach integrity.

thereby increasing the sensitivity of the
design of experiments.

o Know which effects (if any) will be
aliased—an alias indicates that two or
more things have been changed at the
same time in the same way.

o Do a sequential series of experi-
ments-execute the experiments in an
iterative manner so that information
learned in one experiment can be ap-
plied to the next.

o Always confirm critical findings—
do a confirmation run to verify the
outcome.

A common set of measurements
used to gain insight into the chip at-
tach integrity is an LI/V test. In this
measurement, the drive current
through the laser is ramped from zero
to the laser’s maximum operating cur-
rent, and the output power of the laser
and the forward voltage across the
diode junction are recorded. L1/V tests
are common in the semiconductor
laser industry, but it is the comparison
between CW and pulsed current LI/V
curves that can give an indication of
chip attach integrity (see Figure 2). If
the heat flow through the die bond is
high, the two curves will be similar. If
there is a flaw in the bond, the heat
flow will be low, the laser chip will heat
during CW operation, and the two
curves will be substantially different.

However, the conclusion drawn us-
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,  tion temperature. Output
100 power, forward voltage, wave-
length, and threshold current
all depend on junction tem-
perature. The most straight-
forward method involves
measuring the wavelength of
the laser and allows a calculation of
the thermal impedance (Ryp), which
is a direct measure of chip attach
quality.

Measuring thermal resistance
Photo 2 shows a prototype experiment
designed to measure Ryp,. A chip-on-
carrier (CoC) laser is mounted on a
temperature-controlled heat-sink using
a very small amount of thermal grease
to maximize thermal conductivity be-
tween the carrier and heat-sink. Two
probes attached to a laser-diode current
controller contact the anode and cath-
ode of the laser. Finally, an optical-fiber
probe mounted on a precision five-axis
alignment stage is positioned directly in
front of the chip to send light to an op-
tical spectrum analyzer (OSA).

Data is collected as follows: The
laser is driven at a moderate operat-
ing current, sufficient to generate a
signal that the OSA can detect but
not high enough to risk damage to
the laser. The laser is held at a stable
temperature, Tj, typically 5° or 10°C
below room temperature. The drive
current is pulsed with 1-microsec
pulses at a 0.1% duty cycle. Then the
spectrum is measured on the OSA.
For lasers with a distinct mode, such
as distributed-feedback lasers, the
wavelength of the main mode is
measured. For lasers with many
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modes, such as Fabry-Perot lasers, a
single mode is chosen and measured.
The assumption is made here that
with such short pulses and low duty
cycle, the input power is miniscule
and there is negligible heating. The
next step is to increase the duty cycle
of the drive current to 100%. With
CW operation, heating at the laser
can be significant, so the wavelength
will change dramatically. By tuning
the temperature to its final tempera-
ture, T¢ , the wavelength of the cho-
sen mode can be tuned back to the
pulsed value. Here, the temperature,
T, forward voltage, Vs, and drive cur-
rent, |, are measured.

Taking the three measurements from
the final step, Ry, can be calculated as

follows: The change in input power, AP,
between the pulsed case and the CW
case is simply AP = | x V¢ . The change
in temperature, AT, is the difference be-
tween the original temperature, Tj, and
T¢. The thermal resistance is defined as
the change in temperature caused by a
change in input power. It is calculated
as Ry, = AT/AP. Typical values range
from 5° to 50°C/W.

Measurements of Ry, are critical in
understanding how several variables
such as dwell time, ramp time, and
soak temperature affect the CoC die
bond. In addition to getting an ab-
solute measure of thermal resistance,
a carefully constructed set of experi-
ments can reveal the optimum as-
sembly parameters to achieve high-

integrity, consistent bond quality.
Combining quantitative measure-
ments such as Ry, in a tightly cou-
pled feedback loop with a sophisti-
cated automated bonding process
can result in significantly improved
manufacturing yields and reduced
component costs. @@
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