






























































































































































































































































































































































present published effort on lasers concentrates on the increase in drive
current and its acceleration by temperature, i.e., its activation energy.
For reasons to be discussed later, we will present in this paper primarily
our results on the degradation of the threshold current. However, our
ongoing program is investigating laser operational failures caused by
the excitation of high-order transverse modes, spectral splitting,®
modal partition noise, change in extinction ratio, occurrence of self-
induced pulsations, or mechanical instability in the package (see also
Appendix A). Except for the degradation of threshold, we presently do
not know whether the rest of the potential failure mechanisms are
thermally activated. This important question is being addressed as
part of the continuing reliability program.

2.2 Testing methodology

There are many different approaches to the prediction of lifetime
at operating temperature. These have been described to some extent
in the literature.” Each method has its own advantages and disadvan-
tages as far as our 1.3-um laser program is concerned. For our purpose,
we have chosen a combination of isothermal and step-stressing meth-
ods, which seem to be best suited for our program.

2.2.1 Step-stress testing

Step-stress testing is an efficient method of measuring a fundamen-
tal mechanism by holding most parameters constant, but varying one,
e.g., temperature or optical power. Since the test is done on each
device, it can, in principle, accurately estimate the dependence of the
degradation on the parameter(s) that is varied. However, when this
methodology is applied to temperature and power-step-stressed lasers,
several issues must be resolved in order to achieve a high confidence
level in the results. These step-stressed issues are the following: (1)
the amount of bias (if any) in the derived quantity, such as activation
energy, due to the particular choice of a temperature sequence (tem-
perature reciprocity); (2) the applicability of the observed power-step-
stress results obtained at some temperature, to other temperatures;
and (3) whether the results obtained at each step-stress test are
representative of the dominant long-term degradation process.

At the present stage of the program, we have preliminary answers
to the above-mentioned questions. However, the issues raised have, to
a large extent, helped in designing the step-stress experiments so that
by the conclusion of the qualification program, the majority, if not all
of these questions, will be answered.

A total of 117 lasers (see Appendix B) were stepped in temperature
and power. The temperature was stepped in the range between 50 and
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80°C, and the power was stepped between 1 and 5 mW /facet. By
comparing the degradation rates of threshold current at different
temperatures, but at constant power, a measure of activation energy
for this parameter was obtained. Similarly, by holding the temperature
constant, but changing the optical power, we obtained the dependence
of the degradation rate on the level of operation. Our step-stressing
methodology subscribed to the following guidelines:

1. The degradation rate of threshold at constant power level was
determined at three different temperatures, T4, T, and T5.

2. The degradation rate was determined at constant temperature,
but at several power levels, i.e., 1, 3, and 5 mW /facet.

3. At each test condition, the average increase in drive current was
kept within the range of a minimum of =5 percent and a maximum of
=25 percent, at the end of the first test interval (15-percent maximum
for subsequent intervals).

4. In each group of lasers being tested, a minimum of five lasers
from a particular slice was used, if possible, as indicated in Appendix
B.

5. A laser was considered (arbitrarily) to have reached the limit of
its light bulb life when the threshold current increased by 100 percent.

The first guideline provided information needed to derive the acti-
vation energy(s). At face value, it might seem simple and straightfor-
ward. However, to make a valid extrapolation from (T4, T%, T) to the
operating temperature at 10°C, certain requirements must be satisfied.
These are (1) a single activation energy for threshold current degra-
dation applies for all four temperatures: T4, Ts, Ts, and 10°C; (2) the
dominant aging mechanism is an extrapolatable function of time at
all temperatures (predominantly linear behavior is observed); (3) the
results are independent of the chosen sequence of temperature (tem-
perature reciprocity); and (4) the same degradation mechanisms exist
at all temperatures but at different rates. All these requirements are
currently under investigation, and isothermal testing should provide
useful and corroborative information.

The second guideline was motivated by the fact that since some of
these BH lasers, for a number of reasons, could not deliver 5 mW at
80°C, we had to lower the power level to 3 mW. The difference in
aging rates at constant temperature, but at different power levels, was
determined in order to evaluate the impact of the level of operation
on the degradation rate, as well as to identify the primary driving
mechanism that controls degradation.

In the third guideline, the maximum allowed change was imposed
to retain enough life in a laser to undergo subsequent testing at
different temperatures or powers. The minimum change of 5 percent
was needed to produce changes in the laser that were physically
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significant, amenable to analysis, and to ascertain, to the extent
possible, that a linear degradation rate was in fact applicable.

The fourth guideline was required for statistical significance. The
wide variations observed in the values of degradation rates among
various slices prior to purging preclude accurate analysis when per-
formed on randomly selected lasers, at least within the sample sizes
of 20 or 40 per test. Instead, the experiments were designed to distrib-
ute lasers from the same slice over the various test conditions to better
account for slice-to-slice variability. Finally, the last guideline was
somewhat arbitrary. It is conceivable that lasers may increase in
threshold current by a factor greater than 100 percent before function-
ally failing. A more comprehensive determination of the end-of-life
condition is being made in the context of operational failures by
measuring the error rates of aged lasers operating in transmitters.®

Figure 1 shows schematically the temperature and power step stress-
ing that two groups of devices, 20 lasers each, underwent. Group 1,
detailed in Appendix B, was initially power step stressed by operating
at 5 and 3 mW, consecutively. This was followed by the temperature
step stressing indicated in Fig. 1. Group 2 (see also Appendix B) was
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Fig. 1—Sequence of step stressing Groups 1 and 2 in temperature and power. The
actual testing is continued beyond 8000 hours (not shown).
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Fig. 2—Sequence of step-temperature testing Groups 6 and 7 at 5 mW per facet.

temperature step stressed by lowering the temperature from 80°C, in
10°C increments, keeping the optical power constant at 3 mW/facet.
At 60°C, Group 2 was power step stressed by increasing the power
from 3 to 5 mW. The rest of the sequence in Fig. 1 is self-explanatory.

The test sequence of Groups 1 and 2 provided information about
activation energy and degradation rate dependence on optical power,
in a relatively short period of time. However, the experiment did not
provide information about temperature reciprocity, other memory
effects, bias in data, etc. For this purpose, two additional groups of
devices, 6 and 7, were step stressed in temperature, as shown sche-
matically in Fig. 2. These two groups were selected and tested with
the following considerations in mind: (1) The two populations were
“alike” in the sense that the lasers used came from the same slices of
material, to the extent possible (see Appendix B). This resulted in 37
and 40 lasers used in Groups 6 and 7, respectively. (2) The temperature
sequences were mirror images of each other, in order to check temper-
ature reciprocity. (3) Three temperatures were used for aging, in an
attempt to confirm an Arrhenius relation for the degradation rates.
(4) The power was held constant at 5 mW (system operating level)
throughout the test, in order to reduce the variance in the results
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associated with the dependence of the degradation rate of threshold
current on the optical power level.

2.2.2 Isothermal testing

Isothermal testing of two or more groups operating at different
temperatures is the more conventional approach to reliability study.’
Normally, comparing the time-to-failure distribution curves at differ-
ent temperatures gives the activation energy for the degradation
process.® To get an accurate estimate of the activation energy by this
method, it is necessary to satisfy two requirements: (1) the device
population is homogeneous, i.e., device-to-device variability is smaller
than the acceleration associated with temperature; and (2) there is
adequate testing time available at the respective temperatures to
establish the true nature of the failure distribution curves.

Both of the conditions stated above were difficult to fulfill in the
case of our 1.3-um lasers. In the first place, for any sample size of 40
or more unpurged lasers, obtained from several slices, it was not
uncommon to see up to three orders of magnitude variation in rates
of degradation. This exceeded the expected difference in temperature
acceleration, for practical operating temperatures in the range of 40
to 70°C. Secondly, for practical aging temperatures, the failure rate
was predicted to be low enough to require an unrealistic length of
testing time to establish a failure time distribution curve. This second
drawback was circumvented by using isothermal distribution curves
of degradation rates instead of failure rates.®®!° This, in turn, raised
another problem, namely, the relationship between degradation rate
and end-of-life for a device.

Given the respective advantages and disadvantages of step-stress
and isothermal testing, we concluded that both methodologies are
essential for a well-balanced program. Therefore, we dedicated a total
of 145 lasers for isothermal testing at 10, 30, 40, and 60°C, in groups
of 40, 25, 40, and 40 lasers, respectively, as described in Appendix B.
To the extent possible, we attempted to design the test groups to be
alike. That is, we selected slices that provide many lasers and then
distributed the lasers from each slice among the various groups to be
tested at different temperatures. This minimized the effects of slice-
to-slice variability in degradation rate and enhanced our ability to
derive an activation energy from the isothermal data. Hence, at a
minimum, we expect this isothermal testing program to provide infor-
mation about the aging law, correlation between degradation rate and
time-to-failure, and the evolution of mechanisms that may lead to
functional failures.

2.3 Aging law
The aging law governs the time evolution of device current at various
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temperatures. When the lasers are operated at system power level
(e.g., 5 mW), it is necessary to distinguish between changes in thresh-
old current and those associated with the modulation current (the
latter being the difference between threshold and the current at 5 mW
per facet). This is done because there is no a priori reason to expect
that the same degradation mechanisms apply equally to both current
components. In fact, test results suggest that the aging mechanism for
threshold may in some cases be different from that for the modulation
current. Hence, as a first step in this analysis, the aging law will be
obtained for the threshold current.

Our study of 1.3-um BH lasers has shown that the threshold current
shows the following behavior: (1) at constant temperature (isothermal)
the current increases with time; (2) at a specific time (isochronal) the
threshold increases with temperature; and (3) at a given temperature
and time, a temporary disturbance in the operating condition (a
momentary change in operating temperature or lasing condition)
results in a transient change in the current-time response. These
characteristics differ in their strengths and severity from laser to laser.
However, their existence requires that both the experiments and the
interpretation of the results account for these phenomena, to the
extent possible.

An example of the time dependence of the threshold current of a
particular laser is shown in Fig. 3a. The device was operated at 60°C
and 5 mW /per facet. The threshold current in Fig. 3a was normalized
with respect to its initial value. There are several noteworthy features
in the data of Fig. 3a. For instance, the current initially increased at
a rapid rate during the first 700 hours. This rapid increase ceased
beyond 1000 hours; thereafter the current assumed a more moderate
rate of increase. The rapid decrease in aging rate at 1000 hours forms
what we call the “knee.” At 1800 hours, the testing at 60°C was
interrupted to measure the laser characteristics at 10°C. After testing
was resumed at 60°C, the current beyond 1800 hours showed a small
transient. In this particular device the transient was quite moderate
in size. Similarly, at 5500 hours the testing was interrupted but the
device stayed at 60°C. This again resulted in a small (almost insignif-
icant) transient. Further test data up to 13,100 hours, of the laser
shown in Fig. 3, indicate a continuation of the linear “postknee” linear
aging behavior.

Other electro-optical measurements shed some light on the effects
associated with the knee, also shown in Fig. 3b. In the first place, the
magnitude of the saturable current at the knee seemed to be slice
dependent. In the second place, the modulation current, as a function
of time, often exhibited a knee similar to that associated with the
threshold current. Finally, the junction voltage at threshold also
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Fig. 3—(a) An example of the change in threshold with time taking place in a laser
stressed at 60°C and 5 mW. (b) Schematic representation of the aging behavior of
threshold current.

showed a small initial increase (a few millivolts), which saturated
beyond the knee. (The junction voltage at threshold is obtained by
subtracting from the operating voltage the measured product of thresh-
old current and device resistance.) Hence, the change in threshold
current prior to the knee was not an isolated effect.

It is clear that the degradation mechanism(s) in the laser is in fact
very complicated. We are not, at the present time, in a position to
make unequivocal statements about the fundamental phenomena that
are influencing the laser behavior. It is possible, however, to glean
from the data information that is suggestive of the basic mechanisms
that are active. For this purpose, the aging law for current as a function
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of time, an example of which is shown in Fig. 3, is a proper starting
place.

The aging law for threshold current can be written in the general
form!!

I(t, T') = [C + J; Gt t, T)dt’]F(T'), (1)

where C is a constant, and the integral evaluates the increase in
current due to degradation, when the device is stressed at some
temperature T for a time ¢t. F(T’) is an isochronal function that may
be the exp(T’/T,) expression typically used for lasers, where T is the
characteristic temperature.’?>!” Finally, the application of eq. (1) to
actual cases requires care. In the first place, the extent of degradation
(due to any combination of current, temperature, optical power, etc.)
over any time ¢ is evaluated by the integral of eq. (1). In the special
case of isothermal aging, the temperature T is held constant over the
aging time t. In the second place, when the aging process is halted at
any time t, the instantaneous temperature sensitivity of current is
accounted for entirely by the isochronal function F(T).

Equation (1) assumes that as the laser degrades, the isochronal
dependence of threshold current on temperature, at any time, remains
unchanged. Our data indicate that this is usually a valid assumption.
To confirm this, we show in Fig. 4 a plot of the measured relative
change in threshold current due to aging at T, i.e., AI(¢, T)/I(0, T)
and the resulting relative change measured at 10°C, AI(t, 10)/1(0, 10).
In spite of the obvious scatter in the data points, it is possible to
obtain a linear regression analysis that gives

ATI (10°) = (1.027 ¥ 0.047) ATI (T) + 0.064. (2

It is seen from eq. (2) that there is a one-to-one correspondence in
the relative change in threshold current at various temperatures. The
cause of the small residual intercept is uncertain. It could be due to
measurement error, transients associated with temperature changes,
or a small but finite change at 10°C that deviates from a linear
relationship. In any case, it is concluded that for significant changes,
aging lasers at one temperature produces the same relative changes in
threshold at other temperatures. In other words, the characteristic
temperature T of the laser remains nearly the same.

The formalism of the aging law given in eq. (1), in principle, can
account for the history of the device through the function G. In other
words, at any time and temperature the degradation rate depends on
the extent of degradation that took place previously. Although concep-
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tually useful, the integral form will be supplanted by empirical closed-
form expressions that can be applied to actual cases. Thus, the
isothermal aging law for threshold current can also be written in the
form

I(t, T") = L[I7(t) + I7(OIF(T"), 3)
10, T") = LF(T"), (4)

where I, is a dimensional constant, I(0, T") is the initial value of
current at T, I%(t) is a function that accounts for the component of
degradation that saturates with time, and I7(t) is the nonsaturable
long-term degradation function. Finally, in eq. (3) the normalized sum
of the functions [I5(t) + I7(t)] depends at any time on the thermal
aging history of the laser but is not an explicit function of the
instantaneous temperature.

A physically reasonable model for the observed saturable current of
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Fig. 3 involves diffusion of a nonradiative or optically absorbing
center.”'® However, a detailed analytical model for such a complicated
process is not yet available. We are thus forced to resort to an empirical
formulation for the saturable current. After considering a number of
analytical expressions, including powers of time, we found the follow-
ing expression to fit the data best:

5(t) « s[l + exp (to : >]— , (5)

where s is the relative strength of the saturable current, ¢, is the
incubation period of the saturable current, shown schematically in
Fig. 3b, and 7 affects the rate of change of the saturable current at #,.
(In many devices, the saturable current does not appear immediately,
but rather takes several hundred hours—depending on the stress
temperature—before it occurs, i.e., f, varies from laser to laser.) Both
time contants ¢, and 7 are expected to vary with temperature, as will
be discussed in later sections.

Finally, the long-term degradation component I 7:(t) can be described
in many ways. The simplest is a linear dependence. Our data on
unpurged lasers are consistent with this form, and, in addition, it
provides a more conservative approach than the sublinear model.
Therefore, we will assume that

I7(t) « 1 + Rt. (6)

The empirical current aging law is obtained by combining eqs. (5)
and (6). For the isothermal case and for T'= T, we obtain

¢, T) s
10, T) [1 + Rt + m}/l\’ )

where
N =1+ s/(1 + e, (8)

N is the normalization constant such that at ¢ = 0, I(t, T)/I(0,T) =
1, and T is both the aging and measurement temperature.

Figure 3a shows a fit to the data in which R = 2.2 X 10™ hours™,
s = 0.46, t, = 260 hours, and 7 = 110 hours. It is evident that the aging
law fits the data. Furthermore, the absence of a clear superlinearity in
the long-term aging behavior, in a large number of our unpurged
devices, argues against a strong current-driven aging mechanism.
Therefore, in the absence of information to the contrary that may be
revealed by future testing, the linear model will give us a useful
measure of degradation at low temperatures and long times, and will
be used in our projections.
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2.4 Reliability results
2.4.1 Activation energy
The long-term degradation rate R of threshold current is assumed
to obey the Arrhenius relation
R = Roe 5/*T, 9)

where R, is a constant, E, is the activation energy, k is Boltzmann’s
constant, and 7' is temperature. The activation energy is evaluated in
the postknee regime by measuring the function I7(t) at two tempera-
tures, T and Ts. Thus, egs. (6) and (9) give

RIVTy | (dlp/dt
T,- T, = \dlt/dt)

E, = (10)

Conversely, the activation energy can be obtained from eq. (7) in
the postknee regime, i.e., t > to, 7 by substituting into eq. (10) the
derivatives of the total normalized currents. (This presupposes that t,
and 7 for the saturable current have the same activation energy.
However, this activation energy can be different from that for the
long-term degradation mode, as will become evident from Section
2.4.2.)

Most of our data presently available on activation energy were
obtained from the step-stress experiments of Figs. 1 and 2. Although
the step-stress test sequence of Fig. 2 is not complete, a fairly substan-
tial amount of data has already been taken. These data, although
preliminary in nature, are considered to be sufficiently accurate to
make valid projections to the system operating conditions. The iso-
thermal data, which will be treated statistically separately,* will be
used as a general corroborative test of the validity of step-stress results.

Presently, the potential number of data points for determining
activation energy is 177. This is the result of step-stress testing 117
lasers, as in Figs. 1 and 2. (The amount of data will increase further
as the test program proceeds.) Given the myriad factors associated
with the current aging behavior that can reduce the accuracy of
deriving an activation energy, the useful number of data points was
less than the total. The data for activation energy, obtained from step-
stress experiments, were screened according to the following criteria:

1. The data were taken in the postknee regime of Fig. 3. This was
to ensure that the activation energy was being derived only for that
mechanism that governs the long-term wear-out of the device, as
would apply for purged devices.®

2. The degradation rate at high temperature must be sufficiently
low to establish a (nearly) linear degradation rate over a significant
(=500-hour) period of time.
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3. The degradation rate at low temperatures must be sufficient
(>0.3 percent per kh) to allow an accurate determination of its value
(see Appendix A) over a reasonable test interval (3 kh).

4. Devices should not exhibit severe sensitivity to temperature
changes—i.e., transients in the aging behavior—during step-temper-
ature testing.

Out of 177 potential data points, only 26 measurements met the
above criteria. The activation energies from these measurements are
shown in the distribution plot of Fig. 5. In spite of the precautions
listed above, there is still a significant spread in the data. This spread
is due to a combination of experimental errors and device variations.
It is suspected that the former contributed significantly (=0.1 V) to
the spread of the distribution curve shown in Fig. 5. From the data of
Fig. 5, as well as data to be discussed in subsequent sections, a median
value of 1 eV for activation energy is reasonable. Figure 5 also indicates
that the central 96 percent of the values of activation energy are
between 0.76 and 1.28 eV.
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Fig. 5—Distribution curve of activation energy obtained from step-temperature
stressing.

LASER RELIABILITY DETERMINATION 785



Table |-—Activation energy and step-stress sequence

Temperature Step (°C)

Activation
Energy (eV) 80—-70 T70—-60 60—>70 T70—50 50—->70 40-—50
Mean 1.09 1.07 0.92 1.07 1.01 0.88
Median 1.02 1.17 0.90 1.10 1.03 0.82
Standard 0.31 0.33 0.08 0.15 0.31 0.30
Deviation

Although only 26 measurements of activation energy are presented
in Fig. 5, the rest of the data need not be entirely discarded. It can be
used in a semiquantitative way to study such effects as temperature
reciprocity, the applicability of the Arrhenius relationship, and mem-
ory effects. For this purpose, all the data from step-temperature
stressing were used, and the results from various test sequences are
given in Table I. (Table I also includes the results of step-temperature
stressing another group of devices between 40 and 50°C. This is a
separate group from those indicated in Figs. 1 and 2.) It is clear from
the data that without the application of the guidelines stated above,
the standard deviation of the activation energy increased by almost a
factor of two. However, the mean and median values were still in the
1-eV range. In addition, two important observations could be made
from the results of Table I. First, the mean activation energy, as
obtained from the Arrhenius relation, was relatively invariant with
temperature over the range of 40 to 80°C. Second, when step-temper-
ature measurements were made in the postknee regime of the current
aging characteristic, the derived activation energy showed no signifi-
cant (¥ 0.1 eV) dependence on the sequence of testing.

The lasers undergoing isothermal testing at 60 and 40°C provided
activation energies that corroborated the step-temperature results.
However, exact agreement was not possible because the isothermal
tests suffered from the following difficulties: (1) With the limited
testing time available (=7000 hours), the 60°C group had device
currents that developed well beyond the knee; the 40°C group, with
13,700 hours of testing, still exhibited increased degradation rates
associated with the residual saturable current. (2) Prior to screening
(to be discussed below), the laser-to-laser variation within a slice and
the slice-to-slice variation in the degradation rate exceeded (by ap-
proximately two orders of magnitude) the expected difference in
degradation rate associated with temperature. (3) The number of
devices being tested at each temperature (40 lasers) was probably too
small to reduce the expected uncertainty in the activation energy
below that derived from step-temperature testing.

To overcome the problems of the second difficulty above, data on
five slices (H, I, L, M, and N of Appendix B) that were common to
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the two test groups were subjected to a linear regression analysis. In
addition, to avoid bias in the results, the following measures were
taken: (a) in each slice, if a certain number of lasers (0 to 20 percent)
degraded too rapidly at high temperature to provide a meaningful
measurement, an equal number, from that slice, of the most rapidly
degrading lasers at low temperatures was eliminated; (b) in each slice,
if a certain number of lasers (0 to 15 percent) at low temperature were
not degrading sufficiently to be accurately measured, then an equal
number of the slowest degrading lasers at high temperature were also
eliminated from the population. This, in essence, maintained the
integrity of the heart of the distributions at both temperatures. The
resulting activation energy for all the remaining lasers obtained from
the five different slices was 0.79 eV, with a standard deviation of 0.19
eV. This was lower than the median value of 1 eV obtained from step-
temperature stress. The reason was probably due to some residual
effects of the saturable current in the 40°C data. This was supported
by the observation that two of the slices (I and M of Appendix B) had
low values of saturable currents. The isothermal data on these two
slices, when considered separately, gave an activation energy of 1.0 eV
and a standard deviation of 0.25 eV. Hence, it is expected that longer
testing at 40°C will give lower degradation rates, as the influence of
the saturable current component decreased. This will increase the
values of activation energy obtained from isothermal tests and provide
a more accurate lower bound on the activation energies. Finally, this
analysis of the isothermal data is an alternative to the method of
deriving the activation energy used by Amster.*

2.4.2 Saturable current

One of the factors that complicated the interpretation of both the
step-stress and the isothermal data was the presence of the saturable
current. This current manifested itself experimentally as shown in
Fig. 3 and was represented analytically by the empirical relation given
in eq. (5). Although eq. (5) is strictly empirical, it is a useful tool that
provides a quantitative measure of the strength of the saturable
current and its rate of formation. Thus, from eq. (5) a critical time ¢,
is defined by

te=10ty+ 7, (11)

which is the time required for the saturable current to achieve =73
percent of its final value. To obtain an activation energy for the
saturable current, the data of the isothermal test groups, operating at
40 and 60°C, were utilized. In addition, the data obtained during the
first phase of testing of the step-stress groups at 50 and 70°C were
also analyzed to estimate the values of &, 7, and ¢.
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These data are plotted as a function of reciprocal temperature in
Fig. 6. For each temperature, the median value of critical time (the
squares) and the standard deviation (the bars) are indicated. The large
variance in ¢, at each temperature is obvious. This may be due to large
slice-to-slice variation in the data obtained from 16 different slices.
Nevertheless, the trend for ¢, to decrease at high temperature is quite
clear. A linear regression analysis of the data on 73 lasers gave
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Fig. 6—Data for critical time versus reciprocal temperature, for the saturable current
component. The linear regression uses data on 73 lasers.
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t. = 7.6 X 1077 ®*T hours (12a)

and
E = 0.59 F 0.06 eV, (12b)

where the 0.06 eV is the standard deviation. This implies that the time
constant for the saturable current has an activation energy that is
almost half the value of the main wear-out mechanism. Furthermore,
the fit of the linear regression curve to the data is adequate, considering
the fact that the curve passes close to the median values at all four
temperatures.

Additional observations indicate the following. First, a comparison
of the degradation rate in the postknee regime with the strength of
the saturable current gave practically no correlation. In other words,
the strength of the saturable current was not related in a direct way
to the long-term wear-out mechanism. Second, the onset of the sat-
urable current was accompanied by a reduction in the external differ-
ential quantum efficiency of the laser. And, finally, the junction voltage
at threshold also increased with time in a manner similar to that of
the saturable current. Most of these observations are consistent with
a model in which the saturable current is associated with an increase
in leakage current.’

Further clues about the saturable current can be obtained by noting
that its activation energy is 0.59 F 0.06 eV. For impurity diffusion in
InP, the closest activation energy is that of gold, whose diffusivity is
given by the relation®®

D = 1.32 X 107° exp[(—0.48 F 0.01)/kT] cm?/s. (13)

Although the activation energies are close, it is not certain whether
gold plays a role in the saturable mode of degradation of lasers. The
details of such an interaction are even less well understood. We can
only conjecture that the complicated reactions involve thermal, elec-
trical, and possibly optical effects.!**28 It is also possible to invoke
more complicated models to derive a different value for the activation
energy. For instance, formation of dark-spot defects has been described
analytically by an exponential function of temperature and a current-
squared term.? In such a case, the data of Fig. 6 yield an activation
energy of 0.24 eV. However, we do not at present have data to justify
the use of models that are any more complicated than the simple
Arrhenius relation of eq. (12a).

2.4.3 Rate dependence on optical power

A determination of how the degradation rate depends on optical
power is necessary for many reasons. From a fundamental point of
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view, it is desirable to know whether the long-term wear-out mecha-
nism is being driven predominantly by current (voltage), nonradiative
recombination, or the stimulated power. Each of these factors suggests
different solutions. From a practical point of view, it is necessary to
know how the results of aging lasers under constant power output
would compare to the real situation of biasing the lasers at threshold
but pulsing them (=50-percent duty factor) up to the required power
output.

As in our methodology for activation energy, we determined the
dependence of degradation rate on optical power in the postknee
regime by step-power stressing. As shown in Fig. 1, the test was done
at constant temperature, i.e., 60°C, and by changing the power between
3 and 5 mW. Furthermore, to safeguard against memory effects,
the test was done twice by reversing the power sequence (3 — 5 and
5 — 3). Finally, in a sequence not shown in Fig. 1, the test is continuing
at different power levels (1 and 7 mW), at 60°C.

The dependence of the degradation rate on power R(P) was derived
from the step-power experiments by performing a linear regression
analysis of the results obtained between any two power levels. This
correlation analysis gave the average change in R with power as well
as the standard deviation in the estimate of the median value. The
results are plotted in Fig. 7. The degradation rate at any power was
normalized with respect to its value at 5 mW/facet, i.e., R(5). It is
clear from Fig. 7 that as the optical power was reduced, the degradation
rate decreased. These results suggest that the dependence of degra-
dation rate on optical power can be represented empirically by the
relation '

R(P) =T + r1P, (14)

where r, is a residual degradation rate which is independent of optical
power. For these 1.3-um lasers, and at 60°C, the value of r, was roughly
15 percent of the total degradation rate at 5 mW, as can be seen from
Fig. 7.

Equation (14) and the results of Fig. 7 are qualitatively consistent
with the results obtained previously.®%°-32 Except for differences in
the functional dependence on power, the results indicate that the
degradation rate is comprised of a component r, (which may be current
driven)® and another component r P, which is power driven. That this
second component is in fact driven by the optical power, and not by
current, can be appreciated as follows. At 60°C, the ratio of the drive
current at 5 mW to that at 3 mW, I(5)/I(3) is 1.16. Suppose that the
observed corresponding change in the ratio of degradation rates of
0.67 is due to current. Therefore, if R o I"™, a value of m = 2.6 is needed
to explain the results. Now this strong dependence of degradation rate
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Fig. 7—Dependence of the degradation rate of threshold on optical power measured
at 60°C.

on current is inconsistent with our observations on the aging law. A
value of m = 2.6 leads to a strong superlinearity in the aging charac-
teristics of the lasers. Our data show otherwise. The aging behavior is
linear at best and may even have a slight sublinearity in some cases.
Hence, a strong current-driven degradation mechanism for our lasers
at 5 mW cannot be supported by the observed aging law. Finally, the
mode-switching behavior that we sometimes observe, and which will
be discussed in subsequent sections, also suggests that the optical
fields play an important role in the long-term degradation process.

In summary, the degradation rate at 5 mW per facet and 60°C is
made up of two components. One component accounts for =15 percent
of the total value and may be current driven.® The remaining compo-
nent is driven by optical power. That the dominant degradation
process is driven by optical power has at least three justifications.
First, for current to explain the degradation results, a strong depend-
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ence of degradation rate on current is required. This would imply a
superlinearity in the aging law, which is inconsistent with observation.
Second, in the step-power experiments at constant temperature, the
threshold current is nearly constant. Hence, for significant quantum
efficiencies, the residual degradation associated with threshold should
remain- constant. Finally, the excitation of high-order transverse
modes in some degraded lasers suggests a spatially nonuniform deg-
radation, as would result from the optical fields.

2.4.4 Projected operation at 10°C

Out of a total number of 262 lasers tested in this program, more
than half (145 lasers) are under isothermal stress test. These groups
do not yield activation energy values for individual lasers. The re-
maining step-temperature-stressed lasers do provide individual acti-
vation energies, but only the small fraction shown in Fig. 5 are
considered to be sufficiently accurate. The mechanics of projecting the
high-temperature data to 10°C becomes problematic. It is possible to
treat all the isothermal groups separately, as in the statistical analysis
of Amster,* or some assumptions can be made that allow all the high-
temperature data to be utilized fully.

When a laser is step-temperature stressed between T, and T, its
operation at T3 can be individually projected. However, there are two
sources of error. First, there is the error of estimating its individual
activation energy from the measurements at 7T and T5,. For example,
if Ty and T, are 60 and 70°C, respectively, then a 10-percent error in
estimating the ratio of degradation rates leads to an error of 0.094 eV
in the activation energy. This may seem rather acceptable. However,
at 10°C the resulting error in the projected degradation rate is 98
percent, i.e., an order to magnitude larger than the starting measure-
ment error. The reason for this magnification is easy to appreciate in
terms of the large “lever arm” involved in such projection.

To minimize the error in projection, the primary source of error
associated with activation energy should be minimized. One way to
accomplish this is to use the best estimate of activation energy ob-
tained on a fraction of the devices, and use this energy as a “popula-
tion” parameter to all the lasers. This way, even the lasers being
isothermally tested at 40 and 60°C can be projected to 10°C by applying
a population activation energy to their measured degradation rates.
Our best estimate of activation energy is derived from the results of
Fig. 5, in which the median value is 1 eV. Furthermore, 96 percent of
the values of activation energy obtained are larger than 0.76 eV and
smaller than 1.28 eV.

We have attempted to project the data to 10°C in a manner that
will be as representative of the final manufactured product as possible,
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which is a difficult task. In the first place, the majority of devices
being tested in this program have not been subjected to the rigorous
60°C burn-in screen that the final product will experience. (As de-
scribed previously, the majority of these devices were subjected to a
50°C/5 mW/100h screen.) This burn-in screen eliminates most lasers
with large initial degradation rates (> 50 percent/kh) and large sat-
urable currents. In addition, the present lasers have not been subjected
to the purge program, whereas the final product will be.® Although the
effect of the purge on our projections cannot presently be estimated,
it is possible to account for the 60°C burn-in screen. This was done
by removing from the statistics all lasers that would fail this burn-in
test, had they been subjected to it. This information was available
from the degradation of individual devices during the first one hundred
hours of stress aging.

When these lasers were subjected to this simulated burn-in screen,
and the individual degradation rates projected to 10°C by using a
population activation energy, the results are as shown in Fig. 8. For
the best estimate of 1 eV for the activation energy, the median
degradation rate at 10°C is 4.1 X 107~ percent/kh. For almost 80
percent of the population, the distribution is fairly well lognormally
distributed with a sigma value of 1.8. However, for the remaining 20
percent of the population, which is more rapidly degrading, the curve
exhibits truncation. This truncation is due to the 60°C burn-in screen
that eliminates rapidly degrading lasers. Further truncation is ex-
pected in the final product to be used in the system. The additional
truncation results from the added “certification” test to which every
laser will be subjected before actually being used.

It is possible to use the projected values of degradation rates at 10°C
to estimate the light bulb life of the lasers. Thus, the light bulb Time-
To-Failure (TTF) is defined, somewhat arbitrarily, to be

TTF 2 10°/R(percent/kh) hours. (15)

For a linear aging law, eq. (15) implies that the light bulb failure
occurs when the threshold current increases by 100 percent. Our
transmitter testing on a few lasers, to be discussed elsewhere,® shows
that (15) is a conservative estimate of light bulb failure. This conserv-
ative light bulb TTF definition provides a safety margin to protect
against unforeseen functional failures.

Figure 8 shows that for an activation energy of 1 eV, the median
TTF at 10°C is slightly greater than 2 X 107 hours. The lower 98-
percent confidence limit on activation energy yields a median TTF of
5.7 x 10° hours at 10°C. Also evident in Fig. 8 is the truncation of the
distribution curve, which removes devices with relatively short proj-
ected lives at 10°C. It has the effect of reducing the rate of early
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Fig. 8—Degradation rates of individual lasers projected to 10°C using various esti-
mates of activation energy.

failures in the system, below the value expected from the usual log-
normal distribution.

2.5 Potential functional failures

Given the relatively long light bulb lifetimes predicted for the 1.3-
pm laser at 10°C, it seems prudent to surmise that if and when failures
occur, they will be due to operational malfunctions. These potential
malfunctions were mentioned in Section 2.1 and include, among other
things, change in extinction ratio, excitation of high-order transverse
modes, spectral splitting, self-induced pulsations, and fiber-to-laser
coupling instabilities in the laser package. Given the incomplete state
of our knowledge of these mechanisms, the ability to predict their
occurrence is limited. However, some preliminary information about
their rate of occurrence and the impact on transmitter performance is
beginning to become available.®
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The occurrence of functional failures should be viewed initially in
the context of the overall number of device hours of testing. Thus, the
total number of device hours presently available is ~2.4 X 10° hours.
This covers the whole range of temperatures from 10 to 80°C. It is not
known, at present, the extent to which functional failures are accel-
erated with temperature. However, in terms of light bulb life, with an
activation energy of 1 eV, the various testing at different temperatures
is equivalent to 9.3 X 10® device hours at 10°C. Hence, for a configu-
ration that uses =1000 active lasers, the equivalent time is =106 years
of system operation at 10°C.

With all the caveats stated above in mind, we can say that there is
no available evidence to indicate that functional failures will have a
severe impact on system reliability. However, we have identified (in
three rapidly degrading lasers that normally would not pass the 60°C
burn-in screen) certain anomalies that affect, for instance, the coupling
efficiency into the single-mode fiber. Such an example is shown in
Fig. 9. The laser had been stressed at 40°C to the extent that its
threshold increased by =50 percent. After this amount of degradation,
the laser power output at 10°C, as monitored by the back-face detector,
showed an abrupt change in quantum efficiency at a current 9 mA
above threshold, as shown in Fig. 9a. The output from the single-mode
fiber is even more remarkable. For currents between the threshold
value (43 mA) and 52 mA, the fiber coupling efficiency was very low.
However, the coupling efficiency above 52 mA increased, as evident
from Fig. 9a. The optical spectrum, when measured through the single-
mode fiber, is shown in Fig. 9b. For wavelengths between 12,850 and
12,875A, there was evidence of another family of longitudinal modes
that are closely spaced to the main optical mode. It was therefore
concluded that this optical spectrum was comprised of a fundamental
and a high-order transverse mode whose coupling efficiency to the
single-mode fiber was rather low.

There was also direct evidence that the initially fundamental TE,
(Transverse Electric) mode could change, in some rapidly degrading
lasers, to a high-order TE, mode. An example of an extreme case is
shown in Fig. 10. Initially, the far-field emission pattern indicated a
well-behaved fundamental transverse mode. After accelerated aging,
which produced a 70-percent increase in threshold, the far-field pat-
tern became as shown in Fig. 10. (The final far-field measurements
were made by R. T. Ku, who used a numerical aperture of 0.2. The
initial far-field measurement used a numerical aperture of 1, which
may have lead to some smoothening of the fine structure in the
radiation pattern.) The dominant mode in the degraded laser became
a TE, transverse mode. However, optical spectral measurements of
the same laser indicated the presence of four distinct families of
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Fig. 9—An example of potential malfunction of a degraded device measured at 10°C.
(a) Light-current characteristic and (b) spectrum measured through the optical fiber at
5 mW.

longitudinal modes. Hence, in addition to the TE, and TE; modes,
there were two TE modes that were not very distinct in Fig. 10. In
general, the high-order modes encountered after degradation were odd-
numbered and TE polarized. Inspection of the mirror facets indicated
no obvious erosion. Therefore, the degradation process seemed to be
in the bulk of the active regions, and may be similar to the “spottiness”
observed in degraded GaAs lasers.*
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Fig. 10—An example of extreme distortion in the far field of a degraded laser obtained
from slice C of Table III.

Further diagnostic tests were performed on selected lasers that
exhibit light-current nonlinearities, additional spectral modes, and
reduced fiber coupling. In all such cases, the width of the active region
was found to exceed the 1- to 1.7-um target value. For instance, the
laser whose characteristic is shown in Fig. 9 was obtained from slice
N of Table III in Appendix B. Lasers from this slice had an unusually
high rate of incidence of a secondary family in the optical spectra,
indicating high-order transverse modes. Several lasers from this slice
had their mirrors etched in a potassium-ferrocyanide solution. Sub-
sequent measurements of the etched mirrors in a Scanning Electron
Microscope (SEM) indicated that the width of the active region for
slice N was =2.5 um, i.e., about 1 ym larger than the desired value.
The laser whose far-field pattern was shown in Fig. 10 deviated even
further from the nominal value. Its active region was =4 pm wide. In
all cases of clear evidence of high-order modes, the width of the active
region exceeded 2 um. The intriguing aspect of this result was that all
the lasers initially had a fundamental transverse mode. The high-
order modes developed in degraded lasers if the active region exceeded
~2 um.*? Therefore, better production or screening control should
eliminate these potentially malfunctioning lasers. Such screening tests
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may involve freedom from “kinks” in the light-current curves up to 10
mW, noninvasive stripe width measurements, far-field radiation pat-
terns, and spectral measurements. In addition, it is possible to obtain
a direct measure of stripe width by performing etching and SEM
measurements on the nearest-neighbor laser to that intended for
system use.?*

It is clear that the above examples are but a few of the many ways
in which lasers could fail functionally. So far, we have encountered
only two degraded (out of 262) lasers that developed weak (—90 dBm)
self-induced pulsations occurring at 2.4 and 3.1 GHz, respectively.
This is at variance with the high rate of incidence of self-induced
pulsations in proton-bombarded GaAs lasers.?® The reason may be due
to the strong index guiding properties of buried heterostructure las-
ers.®® However, this by no means exhausts all the possibilities of
functional failures, which are actively being investigated.®

1. CONCLUSION

In this phase of prequalification reliability program we have defined
both the reliability potential as well as the testing methodology of 1.3-
um lasers. There are stringent reliability conditions imposed on all
components used in submarine cable systems. This requires accurate
knowledge of the fundamental reliability parameters that influence
long-term projections. Our experiments on unpurged lasers revealed
short-term saturable effects as well as long-term degradation. By
carefully choosing experiments in the laser program, we have been
able to establish a population value for the activation energy of 1 eV
for the long-term degradation process. Furthermore, 96 percent of the
measured values of the activation energy are between 0.76 and 1.28
eV. These activation energies allow projections to 10°C that imply a
most probable median time to failure in excess of 2 X 107 hours, for
light bulb life. By the same token, with 98-percent confidence level,
the median time to failure at 10°C is greater than 5.7 X 10° hours.
These projections are based on devices that have been subjected to a
short (100-hour) screen at 60°C, which eliminates most potential early
failures. An additional long-term screen at 60°C is planned for the
laser certification program. Both screening operations lead to a severe
truncation of the distribution curve for short-lived devices. This re-
duces the early failure rate below the value expected from the usual
lognormal distribution.

The initial phase of this program studied in detail the light bulb life
of 1.3-um lasers and determined that it is adequate for submarine
cable application. It is obvious that there is another class of failures
that can have an adverse impact on laser system performance. For
instance, nonthermally activated failure mechanisms or early random
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failures may occur in some devices. These potential failures we expect
to reduce to a minimum by subjecting the lasers to a severe purge
program.® Another class of failures is related to operational malfunc-
tions. This class is currently being studied actively and the information
is quite preliminary. However, there are no indications, so far, to lead
us to believe that operational failures should significantly alter our
conclusions about the utility of the 1.3-um laser for submarine cable
use.
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APPENDIX A
Aging and Testing Facilities

The variety of testing conditions required that a large quantity of
lasers operating at various temperatures must be accommodated at
the same time. The following criteria governed the design of the 1400
Continuous Wave (CW) and 120 pulsed aging sites for packaged 1.3-
pum lasers. We will demonstrate in this Appendix that we have con-
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structed a test facility which meets the criteria listed below, particu-
larly the third item.

1. In-place testing and aging—For efficient aging of a large number
of devices, in-place testing becomes mandatory.

2. Automated optical and electronic measurements—The large
amount of data taken requires that all of the optical, as well as the
electronic, measurements are made in situ and under computer control.

3. Precision and stability—The precision and stability of the mea-
surements must allow the laser characteristics to be projected accu-
rately to 200,000 hours, based on less than 10,000 hours of data on
each laser. With proper balance of all design factors, we can make the
most efficient use of an expensive facility.

A.1 Description of facilities

The SL laser CW aging facility consists of aging cabinets; an
uninterruptible (battery reserve) power system; a master computer;
and multiplexing for the electrical, optical, and radio frequency spec-
trum measuring equipment. Twenty different temperatures (70 lasers
each) can be controlled simultaneously. All testing is performed in
place and is initiated by a master computer. The operating currents
of these lasers have temperature sensitivities in the range of 0.5 to 2
mA/°C, depending on the laser and the temperature. Approximately
0.1-mA stability is needed to take data in less than 10,000 hours and
project it to 200,000 hours with greater than 98-percent confidence
that the current will not double. We therefore made a preliminary
estimate that +0.05°C temperature control was necessary for testing
InGaAsP lasers. The exact details depend on the laser and the condi-
tions at which it is aged.

During aging, the computer-controlled temperatures of the devices
are held at £1°C within the range of 10 to 90°C. The lasers are aged
at a current level that is continuously adjusted, using analog circuitry,
to provide constant power output. This power output is typically 5 mW
per facet, which is the system operating power level. Four times a day,
the Light-Current-Voltage-Temperature (L-I-V-T) is measured to en-
sure the integrity of the automatic feedback circuitry and temperature
control.

Every 50 hours, the computer initiates L-I-V in-place tests on each
laser. During the test, the relative temperature is held to +0.05°C of
the nominal aging temperature. The absolute temperature is known
to within 0.5°C. The current on each device is decreased in increments
of =0.4 mA from its operating current down to zero. At each current
level, the light from the fiber (Lr), light on the rear-face detector (Lg),
current, and voltage are measured. From this set of measurements are
derived the IdV/dI, I*°d®*V/dI? dL/dI, d?L/dI? curves for each device
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at a particular temperature and time. The derivatives for light are
computed only for the rear-face light. The data are analyzed and stored
by the computer to give information about threshold, modulation
current, nonradiative or leakage current, kinks in the LI curve that
may indicate high-order transverse modes, diode resistance, and spon-
taneous emission at threshold that can affect the extinction ratio. The
fiber-to-rear-face power ratio gives the fiber coupling efficiency (n.).

The test facility can also provide tests relevant to possible opera-
tional failures of the laser. For instance, the optical spectrum of the
light launched into the single-mode fiber is measured. The data are
digitized and stored in the computer. Spectral splitting, mode broad-
ening, or excitation of an additional family of longitudinal modes,
though rare, have been detected from these data.

The existence of self-induced pulsations or excessive noise is mon-
itored by analyzing the microwave spectrum of the laser output from
100 kHz to 3.5 GHz. Depending on the frequency and intensity of the
microwave noise, the error rate in the optical link could increase above
the maximum allowed limit of 107%/s.

An auxiliary package pulse aging facility consists of 120 positions
capable of modulating the laser using pseudorandom pulses at data
rates to 300 Mb/s. In addition, all the tests described for the CW
facility are made for the pulse system as well. The controller is a
separate desk top computer separate from the one used for the CW
facility.

The main purpose of pulse aging is to compare the pulsed aging
rates with the CW aging rates. In the qualification program about 10
percent of the lasers to be aged will be aged under pulsed conditions
to assure that no degradation mechanism unique to pulsed operation
exists.

A.2 Performance

Because of the high temperature coefficient of laser current at a
fixed light output, temperature variations are a major contributor to
variations in laser current. In our aging racks, we have achieved a day-
to-day control of the relative temperature of +£0.05°C during measure-
ments of laser characteristics. We have measured the long-term stand-
ard deviation of the laser current (I5) at a fixed light output of 5 mW
and determined it to be 0.10 mA. This value, (I5), is included with the
short-term and long-term measurement accuracies of important laser
parameters in Table II. Threshold current (Ii,), which is derived
digitally from the maximum in d2L/dI? has a long-term standard
deviation of 0.20 mA. The mean value for the short-term standard
deviation for Is was 5 microamperes, a factor of 20 less than the long-
term value. This result is consistent with our original estimate that
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Table Il—Measurement accuracy

Short-Term Long-Term
Parameter Units Standard Deviation Standard Deviation
I mA 0.1 0.20
Ismw) mA 0.005 0.10
dly/dt mA/kh — 0.04
dls/dt mA/kh — 0.02
ne = Lg/Lg* dB 0.01 —
T °C 0.008 0.036

* L is the light from the fiber and L is the light from the rear face of the laser.

temperature control would dominate the long-term stability measure-
ments of threshold and drive current on these lasers.

The aging rates of threshold and 5-mW operating currents are two
of the most important parameters that we study. If the linear law of
eq. (6) in the main text is assumed, the Gaussian statistics for deriving
the aging rate from estimates of measurement variance can be mod-
eled. The results depend on the frequency and distribution of the
measurements over a given time interval. For the 0.1-mA, long-term
standard deviation for I5 given in Table II and 60 measurements made
uniformly over 3000 hours, the uncertainty in the aging rate would be
0.02 mA/kh. We also get this value for the standard deviation of the
aging rate, R for I; in Table II, which is the average of many least
squares fits to I(¢)/I, = 1 + Rt. The data used were from devices with
2000 to 4000 hours of stable aging characteristics at 12 and 50°C and
no obvious knee characteristic.

We will be able, assuming that the linear model continues to provide
an upper bound to the extrapolated operating current, to extrapolate
with a few milliamperes of uncertainty the operating current to 200,000
hours at any temperature with 3000 hours of data. In particular, we
can certify each laser package for current stability by operating it at
10°C for 3000 hours. In addition, each laser chip will have seen a high-
temperature aging during a purge that is equivalent to tens of thou-
sands of hours of system operation at 10°C. After packaging, the laser
will again see the temperature accelerated equivalent of at least one
million system hours during a 60°C part of the package certification.

Our situation in fiber coupling measurements and measurements of
the stability of the test apparatus is not yet firmly established. It is
desirable that we have an engineering safety factor on the fiber
coupling stability verifiable on individual lasers by temperature accel-
eration. The uncertainty in documenting this stability is related to the
early stage of this phase of the program. The main concern in packaged
lasers is related to the potential for mechanical relaxation phenomena
causing changes in the fiber coupling. Our observation to date has
been that the rate of change of fiber coupling decreases with time; i.e.,
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the rate is sublinear. Therefore, our initial measurements will provide
an upper bound on the linear decoupling rate.

Our short-term measurement error for fiber coupling is given in
Table II. The short-term value is small enough to make 3,000-hour
coupling projections to 200,000 hours with only a few percent uncer-
tainty in the coupling. As in the case of current stability, the assump-
tion is made that a linear fit is an upper bound on the aging rate. This
assumption will be checked on individual lasers.

We do not yet have data on the long-term standard deviation for
fiber coupling. The temperature coefficient is 0.02 dB/°C, three to
four times smaller than the laser current temperature coefficient.
Therefore, we expect the long-term measurement error to be domi-
nated by the repeatability of the alignment of our computer-controlled
optical multiplexer. The short-term measurement error, 0.01 dB, is a
measure of this repeatability.

In conclusion, at AT&T Bell Laboratories we have built and tested
aging facilities that meet the criteria outlined at the beginning of this
section. Assuming a linear model, we can project, with a few milliam-
peres uncertainty, laser 5-mW operating current stability to 200,000
hours or 24 years with 3000 hours of data. This can be done at any of
our operating temperatures, including the 10°C system operating
temperature. OQur short-term fiber coupling efficiency measurements
indicate similar accuracies and projection test times for fiber coupling
efficiency measurements. We expect our long-term accuracy to be
compatible with the required 200,000-hour extrapolations.

APPENDIX B
Design of the Reliability Experiments

All lasers are aged in packaged form. Two types of packages are
used. The first is the so-called multimode package, which uses a Ge
detector to monitor the power output from the back face of the laser.
This package also uses a multimode fiber to couple the power output
from the front face of the laser. The second type of package is the so-
called single-mode package, in which the output from the front face is
coupled into a single-mode fiber. It uses an InGaAs PIN detector to
monitor the power output from the back face of the laser. The
multimode package is easier to make and couples more effectively into
high-order transverse modes. Therefore, the multimode package is a
useful vehicle for some diagnostic purposes. On the other hand, the
single-mode package is ultimately the final design configuration that
provides information about the stability of the coupling of the fiber to
the laser. Out of a total of 262 lasers tested in this reliability program,
129 are in single-mode packages and 133 are in multimode packages.
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Table [1I—1.3-um laser and slice allocation

Group
1 2 3 4 5 6 7 8
Test
Step Step 10°C 60°C 40°C Step Step 30°C
Slice Package*
Number 'y § M S MS MS MS MS MS M S
A 1
B 8 1
C 5 1
D 6 6 2 3
E 10 5 4 1
F 2 5 1 2
G 4 2 3 1
H 7 6 9 4
1 10 5 3
J 2 2 6
K 4 1 5
L 5 2 2 3 4
M 6 6
N 6 5 4
0 2 6
P 5 3 6
Q 8 7
R 4 3 5
S 6
T 5 4
U 4 1
\Y 3 3
w 3
3 1

2%

*

—Multimode. S—Single mode.

The 262 lasers being tested are divided into eight groups listed in
Table III. Four of the groups (1, 2, 6, and 7) are step stressed in
temperature and power. The remaining four groups (3, 4, 5, and 8) are
isothermally tested at 5 mW and the temperatures indicated in Table
III. Groups 1 and 2 are stepped in temperature and power according
to the sequence shown schematically in Fig. 1. Groups 6 and 7 are step-
temperature stressed at 5 mW in the sequence shown in Fig. 2. In
addition, to the extent possible, Groups 6 and 7 contain lasers obtained
from split-lot slices, as indicated in Table III. This is done to provide
a degree of homogeneity in the results between the two groups. By the
same token, Groups 4 and 5, isothermally tested at 60 and 40°C,
respectively, also involve split-lot slices. This attempt to homogenize
the isothermal groups is mandatory for a proper interpretation of the
results. The reasons for this are obvious. Within each slice, the laser-
to-laser variability in degradation rate is about an order of magnitude.
In addition, slice-to-slice variability can be two orders of magnitude.
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Hence, to measure the temperature acceleration of degradation be-
tween 40 and 60°C, which is expected to be one order of magnitude, is
very difficult if each individual population has a spread of three orders
of magnitude. Hence, to compensate for this large variance within
each test group, an attempt to homogenize comparable groups is made
by selecting devices from the same slices. This provides by no means
a perfect solution, but is an attempt to ameliorate an otherwise
intolerably large variation.

Groups 3 and 8 of Table III are also isothermally tested at 10 and
30°C, respectively. Group 8 attempts to match devices from Groups 4
and 5. The choice of 30°C testing provides a check of the Arrhenius
relation as obtained from isothermal testing.* The testing time at
30°C, required to establish valid long-term trends, is unfortunately
very long, =10* hours. Hence, at the present time, the 30°C testing
data are too preliminary to provide accurate quantitative information.
On the other hand, the 10°C isothermal group contains samples from
various slices that are being tested at high temperatures, either step
stressed or isothermal. The utility of the 10°C test group is to provide,
in the long term, a correlation between high-temperature test data and
the system operating temperature. In addition, it is a necessary exper-
iment that would uncover any laser performance malfunctions that
may be unique to 10°C operation. So far, no fundamental problems
have been encountered that are peculiar to 10°C operation.

Finally, it is seen that Table III lists lasers obtained from 24 slices.
This represents a fairly wide cross section of material made from early
development (e.g., slices A, B, C, and D) to slices made under strict
production control environment (e.g., slices T, U, V, W, and X). The
basic laser design is almost unchanged throughout. The fact that a
good performance record can be demonstrated for lasers, going from
development to production, attests to the basic viability of this device.
It should also be emphasized that the number of lasers associated with
each slice in Table III does not represent the total number from each
slice. The lasers used in this reliability program represent only a
portion of the total devices. Other lasers are used in diagnostic evalu-
ation, laser-transmitter evaluation, purge development, other experi-
ments, etc.
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We discuss the implementation of a strategy designed to provide laser-light-
emitting reliability assurance for 1.3-um InGaAsP/InP lasers of the planar
mesa, buried heterostructure type for use in a submarine cable application.
The testing regimes include initial characterization (cosmetic and light-current
curve inspection), passive aging (elevated temperatures [85 to 175°C] without
bias, with and without humidity [<85-percent relative humidity]), overstress
active aging (high temperatures [150°C], high currents [250 mAdc]), and long-
term rate-monitoring active aging (elevated temperature [60°C] burn-in
[3 mW/facet]). Overstress testing is designed to compel a timely (~10%-hour)
identification of premature failures, due to modes of degradation other than
the long-term ultimately controlling wear-out mode, and to stabilize transient
modes. To identify premature failures of the wear-out type, survivors of
overstressing are subjected to rate monitoring in which wear-out degradation
rates, established in a reasonable time (~10° hours), may be sorted. The
principal results of the important overstress aging were the detection of an
initially occurring saturable degradation mode, present to some extent in most
lasers, and a regimen to force its rapid stabilization, so that it would not
obscure determination of the activation energy of the wear-out mode. With a
credibly determined value for the latter, it was deterministically inferred from

* Authors are employees of AT&T Bell Laboratories.
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rate-monitoring results that the light-emitting reliability of the screened lasers
at ocean bottom temperatures (10°C) is more than adequate to meet the
system design lifetime of 25 years.

I. INTRODUCTION

One promising candidate for the lightwave submarine cable trans-
mitter source is the InGaAsP/InP etched planar mesa, buried hetero-
structure laser operating at 1.3 um.'* (A light-emitting-reliability
advantage in operating at 1.8 um had previously been shown® by the
finding that the average room temperature lifetime of Light-Emitting
Diodes [LEDs] fabricated from III-V ternary alloys of the InGaAsP
family increases exponentially with decreasing band gap. An LED
operating at 1.3 um would thus outlast one at 0.80 um by a factor
~10°. This was confirmed by the demonstration of room temperature
lifetimes ~107 hours for AlGaAs LEDs® and similar lifetimes ~10'?
hours for InGaAsP LEDs.”) In this paper we discuss the initial (cos-
metic inspection and light-current characterization), passive aging
(elevated temperatures [85 to 175°C] without bias, with and without
humidity [<85-percent relative humidity]), overstress active aging
(high temperatures [150°C], high currents [250 mAdc]), and long-term
rate-monitoring active aging (elevated temperature [60°C] burn-in
[3 mW /facet]) screening tests that have been applied to lasers of this
type to assure light-emitting reliability. Together, these tests consti-
tute elements* of a reliability strategy that has been discussed.®® The
objectives are (1) the detection of flaws that have reliability implica-
tions and that can be corrected by timely changes in laser design or
fabrication; (2) the stabilization of temporally saturable annealing and
degradation mechanisms (“drift”) that could prevent the reliable de-
termination of both the thermal activation energy and the gradual
degradation rates associated with the long-term (“wear-out”) mode of
failure of the lasers; and (3) the identification of those lasers that are
likely to suffer premature failure, i.e., failure prior to the 25-year
design lifetime of the subcable system operating at 10°C. Emphasis is
placed on two active aging (i.e., forward bias operation) regimes. The
overstress regime employs high temperatures (60 and 150°C) and high
currents (250 mAdc) for relatively short periods of time (~10? hours).
The object is to compel a timely identification of those lasers likely to
be premature failures due to modes of degradation other than the

* It should be understood that this paper represents the first attempt at establishing
a reliability strategy for one particular laser structure. The elements discussed show
promise. Additional work to optimize the strategy may result in the addition, replace-
ment, or refinement of elements.
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fundamental, long-term, tolerably slow-acting wear-out mode and to
stabilize transient modes. To identify those premature failures that
are early wear-out failures, the survivors of the overstress tests are
subjected to the rate-monitoring active aging regime in which are
sorted the wear-out degradation rates, established in an extended
duration burn-in at a lasing temperature sufficiently high so that
unambiguous degradation occurs in a reasonable time (~10° hours).

The principal results of the overstress testing were the detection of
an initially occurring saturable degradation mode, present to some
extent in most lasers, and a scheme to force its rapid stabilization.
With this accomplished, credible values of the activation energy and
degradation rates for the slower-acting wear-out mode can be deter-
mined. Thus, from the rate-monitoring results, it was deterministically
inferred that the light-emitting reliability of the screened lasers is more
than adequate for subcable applications. (Later studies will address
the transmitter or electro-optic reliability [e.g., absence, with aging, of
beam wander, spatial mode switching, light-current abnormalities,
extinction ratio deterioration, and relative motion of the laser and
optical fiber] of the transmitter.)

A word now about nomenclature. The reliability assurance results®®
that we propose to produce are called STP (Stabilization, Truncation,
Purge). The purge consists of any scheme (e.g., optical inspection,
light-current characterizations, overstress aging using high tempera-
tures, currents, optical power, etc.) by which actual or potential
premature non-wear-out failures are eliminated from the population.
The overstress regime of the purge will also produce stabilization of
initial saturable transient modes of degradation that appear to exist
in most lasers. Rate monitoring of long-term degradation permits
truncation, i.e., an elimination of early wear-out failures, those which
would occur prior to the desired system lifetime.

Il. INITIAL SCREENS (PURGE)

Initial screening involves tests that do not generally produce deg-
radation. They may be passive (e.g., optical or Scanning Electron
Microscope [SEM] examination) or active (e.g., light-current charac-
terization).

2.1 Optical inspection

Microscopic inspection to check for missing, broken, or unattached
wires; cracked, misaligned, facet-contaminated, or misbonded chips;
or handling damage has obvious value. Qur primary discovery was the
existence of torn fragments of Au (from and still attached to the Cr-
Au p-metallization and produced during facet cleaving) on the mirror
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Fig. 1—SEM photograph of a fragment of Au, torn from the p-contact to which it is
still attached, which lies on a cleaved facet.

surfaces, across one or more of the epilayers, and on occasion within
the region of the mesa. Figure 1 is an SEM photograph of one such
case.

There are three ways in which such Au fragments could be inimical
to laser reliability: (1) Light blockage—in the course of system instal-
lation, long-term mechanical relaxation, or mechanical vibration tests,
fragments within the mesa might move to partially obstruct the optical
output. (2) Electrical shorting—the recovery of lasing operation after
sudden termination, effected by mechanical removal of Au fragments
from the mirror of a laser that exhibited no preceding or subsequent
signs of degradation, suggested that the torn metal could externally
short the p-n junction. (3) Au in-diffusion—Dark-Spot Defect (DSD)
formation is a significant mechanism for degradation in InGaAsP/InP
LEDs"!%1 and lasers,'%'® and appears to be caused in some cases by
the in-migration of Au from the p-contact.*!*®
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The overhanging Au problem is an example of the purge used to
detect a defect that could cause premature failure and that is avoidable
through a relatively simple design change (e.g., thinner or patterned
Au).

2.2 [-I-V characterization at 30, 50, and 70°C, pulsed and dc

Initial pulsed (in pulsed operation the junction of the laser remains
at the stud or ambient temperature) and dc electrical and optical
characterization, performed at ambient temperatures of 30, 50, and
70°C, consists of plots of the following quantities as functions of
current (I): light (L), dL/dI,' voltage (V), IdV/dI and I*d*V/dI?. For
purposes of clarity, we exhibit only the first two of these quantities in
Fig. 2 for an acceptable laser. The sublinearity in the Continuous
Wave (CW) L-I curves commences at threshold and is more pro-
nounced than in the pulsed curves. (The implications of sublinearity
will be considered in more detail in Section 4.1.) Figure 3 represents a
laser with unacceptable CW L-I curves. Temperature-dependent an-
omalies (kinks) in the L-I curves are more apparent in the dL/dI
curves. The kinks may be the result of beam wander® or a switch to a
higher-order mode, which often results in a split mode spectrum.??
Both effects can be caused by an inadvertently too large lateral active
region width. Both effects can significantly reduce the power coupled
into a single-mode fiber.

l1l. PASSIVE AGING SCREENS (PURGE)

Passive aging involves tests designed to produce degradation without
current injection.

3.1 Temperature humidity

To test the integrity of the stud, standoffs, and solder, we used an
85°C 85-percent Relative Humidity (RH) ambient (the partial pressure
of water vapor was 383 Torr, the volume density of water molecules
was 10" cm™3, and the fractional concentration of water molecules
was 500,000 ppm). Since the facets of the lasers were not dielectrically
coated, we chose not to bias the lasers in order to avoid the risk of a
lasing-induced facet degradation,?*?® which might have masked other
degradation mechanisms whose presence it would be important to
detect.* It was not expected that the Pb/Sn solder used in bonding
the laser (p-side up) would degrade since it appears that eutectic alloy

* In Section 7.2 we discuss the role of facet erosion under forward bias and conclude,
in accordance with Refs. 25 and 26, that it is inconsequential for InGaAsP/InP lasers
operated in the environment of interest.
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Fig. 2—L and dL/dI versus I as a function of temperature for a typical laser, (a)
pulsed and (b) CW. The dL/dI-I curves in CW operation exhibit a negative slope, which
reflects the rollover tendency of the corresponding L-I curves.

solders (e.g., Au/Sn* and Au/Ge) remain stable?*° for laser operation
at 70°C for 10® to 10* hours, in the apparent absence of any attempt
to minimize environmental humidity.

Four lasers were optically examined several times in the course of
~2300 hours of aging without bias. Although two of the lasers operated

* A recent study (Ref. 27), however, has revealed Sn-whisker growth at the surface
of Au/Sn bonding solder.
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Fig. 3—L-I and dL/dI-I curves for a laser that exhibits temperature-dependent
anomalies (kinks).

with only slightly altered L-I characteristics at the termination of
aging, three corrosion products of major proportions were present on
all lasers and studs. One corrosion product was present in the form of
a thermally induced, nonuniform, multicolored (optically thick, ~1000-
angstroms) oxide covering the laser facets; at the start of the aging,
the facets had been spotlessly clean. A second corrosion product was
a grayish powdery deposit on the top and sides of the standoffs, lasers,
subcarriers, and studs. Using the energy dispersive X-ray attachment
of an SEM,* it was shown that a lead oxide was predominant. A third
corrosion product was associated with the presence of a steel weld ring
(to which a hermetic can is eventually affixed) on the top of the bolt
head part of the stud. Although the entire stud is Au-plated, the
plating at the weld ring was breached. After 2300 hours, a red-brown
iron oxide® (rust) was observed on top of the bolt head and on nearby
surfaces of the stud remote from the ring.

The device-threatening formations of oxides of InP, Pb, and Fe can
be substantially suppressed if the water vapor content within the
hermetic can is made low. The water vapor content of the ambient
outside the can should also be kept low to prevent a breach of the
hermetic seal, from without, caused by an inadvertent exposure of
some part of the steel ring during the welding. Operation of the lasers
at ocean bottom temperatures (~10°C) will also assist in retarding
oxide formation.

3.2 High temperature
This regime emphasized storage aging at 175°C, near the melting
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Fig. 4—Change in the 30°C CW L-I curve produced by unbiased storage aging at
175°C for 1 kh.

temperature (183°C)?? of the Pb/Sn solder; the test chamber had an
opening to the laboratory ambient.* It was not expected that signifi-
cant deterioration of the Pb/Sn would occur because similar storage-
aging experiments had apparently confirmed the stability of eutectic
alloy solders for LEDs (Au/Ge, 230°C, 2000 hours)” and lasers (Au/
Sn, 100°C, 2000 hours).*

No oxide growth was observed on any laser or stud that had been
aged at 175°C for ~4000 hours and periodically examined.” The lasing
thresholds at room temperature remained unaltered. Several lasers
exhibited increases in slope efficiency, however, as typified by Fig. 4.
No change after 1000 hours was observed; it is not known when the
improvement occurred prior to the first recharacterization at 1000
hours. Annealing effects similar to that shown in Fig. 4, but of smaller
magnitude, were noted in the course of active aging; they occurred
whenever forward bias was removed from a device at some elevated
temperature (e.g., 60°C).

IV. ACTIVE AGING SCREENS (STABILIZATION, PURGE, TRUNCATION)
4.1 High-current L-1 characterization—the role of shunt currents

Prior to forward bias aging at high currents, it is necessary to
characterize the L-I curves at high currents. At elevated temperatures

* The partial pressure of water vapor was 15.5 Torr (the same within and without
the chamber); within, the relative humidity was ~0.2 percent, the volume density of
water molecules was 3.3 X 10" cm™, and the fractional concentration of water molecules
was =~20,000 ppm. Relative to the 85°C 85-percent RH ambient, there were =25 times
fewer water molecules.

TIn Section 7.3 we shall discuss the effect of storage aging on the possible in-
migration of Au from the p-contact.
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Fig. 5—(a) Pulsed, (b) CW, and (c) composite L-I curves as a function of temperature.

and/or at high currents, a major fraction of the injection current is
shunted around the active region. This peculiarity of those lasers that
employ reverse-biased junctions to confine current must be taken into
account in the design of high stress (current, temperature, optical
power) active aging screens.

A typical set of high-current L-I curves is shown in Fig. 5 for pulsed
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and dc operation at several different ambient temperatures. The pulsed
L-1I curves exhibit “saturation” behavior, i.e., beyond a critical current
(~400 mA for the particular laser), the light output remains essentially
constant. The dc L-I curves exhibit “rollover” behavior and an upper,
as well as a lower, threshold.

The sublinearities present in the pulsed L-I curves are due to shunt
(leakage) paths, which divert an increasingly larger fraction of the
terminal current away from the lasing region, as either temperature
or current is increased. In pulsed operation (no heating caused by the
current), there appears to be a critical current, independent of ambient
temperature, beyond which no additional current can be injected into
the lasing region (see Fig. 5a). (In an ideal laser, threshold represents
that current above which all additional current is converted into
stimulated emission in the lasing modes. The critical current in Fig.
5a is also a threshold current, not for lasing, but for current diversion.)

To understand the rollover in the dc L-I curves (see Fig. 5b), it is
helpful to superimpose a family of pulsed L-I curves (see Fig. 5¢),
which can be used as thermometers. The 70°C pulsed L-I curve crosses
the 30°C dc L-I curve at =360 mA. At the crossover point, the pulsed
and dc curves correspond to identical light outputs and currents, so
that the active region in dc operation must be 40°C above the ambient
or stud temperature. (The validity of this technique requires the
assumption that the distribution of currents between the active and
shunt paths in the nonheating pulsed regimes is not frequency de-
pendent.) We may use a standard expression for the thermal imped-
ance (Ru),

Ry = AT[°C)/VI[W], (1)

where AT is the temperature rise of the active region above the stud
temperature, and the voltage-current product is the electrical input
power dissipation, which is responsible for AT. For the specific ex-
ample, AT = 40°C, V = 2.0 volts, and I = 0.36 ampere, it is computed
that Ry, = 56°C/W. This value is typical® for lasers of this type bonded
p-up.

The 30°C, de¢ L-I curve is initially coincident with the 30°C pulsed
L-I curve (see Fig. 5¢), but as the current is increased, the active region
in dc operation heats up, and the dc L-I curve can be seen to progres-
sively cross the 40, 50, 60, and 70°C L-I curves of pulsed operation.
Rollover in dc operation, caused by internal (ohmic or nonradiative)
heating, is then seen as a consequence of having the operating point
in the dc L-I space pass from one pulsed L-I curve to another as the
current is increased. Since the maximum lasing power output in pulsed
operation decreases with increasing temperature, the dc operating
point will roll over and proceed toward the upper lasing threshold. For
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the 30°C dc L-I curve of Fig. 5, the upper lasing threshold occurs at
I =0.74 ampere, so by using (1), Ry, = 56°C/W, and V = 2.0 volts, it
is computed that AT = 83°C. Thus, the ambient temperature at which
this device could no longer be pulse-operated as a laser is 83 + 30 =
113°C, which is in good agreement with high-temperature pulsed
measurements on similar lasers. Although there is some current flow-
ing into the active region above the upper threshold that produces
~100 W output, the 113°C temperature is viewed as that temperature
for which lasing threshold can never be attained because of the
dominance of the shunt path. (A thermal runaway of threshold might
be expected to occur because of the well-known empirical relationship,
Iy, « exp(T/T,), where for the present lasers, Ty = 70K. For three
reasons, this effect is not believed to be controlling the rollover
behavior in Fig. 5b: (1) According to calculations, the output power
would fall precipitously beyond the point of rollover because of the
exponential function, and this is not in agreement with the shape of
Fig. 5b. (2) If shunting were a minor effect, there should have been
significantly more spontaneous output (~3 mW) at the upper threshold
(740 mA) of the 30°C dc L-I curve of Fig. 5b, since LED studies'* have
shown that InGaAsP does not become nonradiative at ~ 100°C; no
light output in excess of =0.1 mW is apparent beyond the upper
threshold of Fig. 5b. (3) Using a convenient relationship between the
dc and pulsed thresholds, I& = I exp(AT/T,), where AT is due to
current heating, I%' = 35 mA, and AT = 83°C in dc operation at I =
740 mA in a 30°C ambient, it is calculated that IS (113°C) = 114 mA;
the device should have lased at a junction temperature equal to 113°C,
in the absence of shunting, but it did not. Thus thermal runaway is
not dominant.)

It is known!®3¢ that leakage or shunting currents are significant in
these devices. Figure 6 is a schematic of the etched mesa, buried
heterostructure laser showing two possible shunting paths for the
terminal current, in addition to the current through the active region.
The electrical characteristics of such a laser with a diode shunt path
have been calculated.®® The L-I signatures for pulsed operation have
been calculated for the pnpn shunt alone,?®*” and for the pnpn and
diode paths simultaneously present.®® Using credible values of the
relevant parameters, the latter study®® permits the conclusion that the
dominant shunt current is I,nsn. Calculated representative pulsed L-I
curves for several ambient temperatures are shown in Fig. 7. A “knee”
is apparent, suggesting a light output saturation such as that shown
in Fig. 5a. This model, however, does not show leakage at threshold,
in disagreement with experiments.

In addition to the gradual increases in leakage current corresponding
to the increasing sublinearity in the L-I curves of Fig. 5, there also
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appear abrupt decreases in output for small positive increments in
current in both pulsed and dc operation (see Fig. 5). These sudden
decreases on occasion may be large (AL ~ —10 mW/facet); they
invariably and very frequently occur beyond the critical current for
output power saturation, they have been attributed!* to sudden in-
creases in Ipnpn, and the current at which they occur often does not
decrease with accelerated aging degradation, so their existence is not
automatically grounds for laser rejection.

The existence of shunt currents has been confirmed by the direct
observations of spontaneous emission from lateral regions outside the
active region, either from an n-side “window”* or facet viewing.*® The
dL/dI curves characterizing dc operation indicate that sublinearity in
the L-I curves is present at lasing threshold and above (see Fig. 2b).
This is true for all lasers of this type examined in the temperature
range 0 to 70°C. An advantage' in the existence of dc-rollover (i.e.,
current shunting) is that catastrophic optical damage of the laser
facets*® may not occur even though the lasers are operated repeatedly
up to 30 times threshold. Since unexpected current surges are a likely
cause of random failures,’ the built-in surge protection is important
in a high-reliability application. Short-duration, high-current pulses
might, however, remain a problem (e.g., compare Fig. 5a and b).

4.2 Initial elevated temperature burn-in

All of the lasers used in our tests were the survivors of two elevated
temperature burn-in tests conducted prior to our receipt of the devices:
(1) 60°C, 5 mW /facet, 24 hours, Al,,/I,, < 1.5 percent; and (2) 60°C,
5 mW/facet, 100 hours, Al,,/I,, < 5 percent, where Al,, and I, are
the increase in operating current and initial value of operating current
to produce a given output. Burn-in tests (operation at normal outputs
and elevated temperatures for a short duration, ~102 hours) are useful
for eliminating some so-called infant failures. Potential low thermal
activation energy modes of failure may not, however, be identified in
this kind of screening test.®® We shall show that due to the existence
of an initially occurring saturable mode of degradation, which exists
in some degree in virtually all lasers, and which typically can escape
detection in burn-in tests because it has an incubation period, the
conventional elevated temperature burn-in was found to be inadequate
to assure reliability of its survivors. The purge (understood, hereinaf-
ter, to mean the overstress regimes) that was imposed on the burn-in
survivors was essential to the success of the undertaking.

4.3 Degradation accelerants and driving mechanisms

Discussions of screening strategies®® have emphasized the concepts
of the harshness, selectivity, and tailoring of the accelerants used to
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detect the presence of premature non-wear-out failure and transient
modes. Initial device characterization and an understanding of how
the device operates is crucial in giving specificity to these concepts.
The laser is a forward bias device. Potential accelerants for the light-
emitting degradation of lasers under forward bias are temperature,
injection current, optical power, and humidity.

In the absence of forward bias, humidity is both a driving mechanism
for, and an accelerant of, degradation; it is not, however, selective,
because it treats all lasers alike (see Section 3.1). For a laser operated
in forward bias without protective facet coatings, humidity in the
testing ambient will also nonselectively promote and accelerate deg-
radation due to the formation of an oxide on the emissive portion of
the mirrors.?***! The degradation may take many forms (e.g., reduce
the output at a fixed current, redirect the output beam, promote
electro-optic deficiencies such as pulsations and light jumps),*! but it
should have approximately the same effect on all lasers, i.e., it makes
no distinction between lasers that are inherently reliable and those
that are not. The lasers used in our tests had uncoated facets. Our
initial test results showed that no light-emitting degradation that we
detected was due to facet oxidation (see Section 7.2). This is in accord
with recent studies??%3! that have concluded that InGaAsP/InP lasers
of the etched mesa, buried heterostructure type can operate at elevated
temperatures (~70°C), in laboratory ambients (~30-percent RH), with
outputs =5 mW /facet, without any appreciable degradation due to
lasing-induced facet erosion for times that are more than an order of
magnitude larger than the design lifetime (2 X 10° hours) of the
subcable lightwave system. Thus, uncoated lasers can be used to find
which of the other possible accelerants might be made selective in
detecting premature failures, without having our results significantly
affected by facet effects due to the presence of humidity in the testing
ambient,

Temperature alone is not a driving mechanism for degradation in
our lasers, and hence acting alone it is not an accelerant. Elevated
temperature shelf lives are very long. In the presence of forward bias,
under which optical power and/or injection current are driving mech-
anisms, temperature is an accelerant. The melting temperature
(183°C) of the Pb/Sn solder is the approximate upper limit on the
harshness of the ambient temperature. For purposes of stressing the
active region in CW lasing operation, a more important upper limit
on the ambient temperature is the temperature (~100°C) at which
most of the injected current flows into a shunt path.

To the extent to which optical power, as distinct from current, is
both a driving mechanism for, and an accelerant of, degradation, it is
typically limited to a maximum of ~20 mW /facet at room temperature
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(see Fig. 5). It is inconvenient to lower the temperature in order to
produce larger maximum CW outputs, and it is somewhat unwise, as
well, because the deceleration of degradation due to a lowered temper-
ature could offset the acceleration of degradation due to the increased
optical power.

We shall show that direct current, as distinct from optical power, is
a driving mechanism for the most significant degradation that we
observe. If the direct current is too large, it will flow predominantly
into a shunt path, resulting in nonlasing and hence no stressing of the
active region (see Section 4.1 and Fig. 5). An upper limit on the current
stressing of the shunt path will be related to the melting temperature
of the solder. Thus, it is clear that temperature, optical power, and
current either cannot or should not be elevated indiscriminately if a
proper attempt at reliability assurance screening is to be made.

4.4 Optical power-current (P[I) overstress regime

To stress the active region, current must pass through that region.
A lasing output is the best evidence of this. Since substantial currents
are required to get substantial output powers at room temperature,
the tailored stressing of the active region requires the simultaneous
use of optical power and current as accelerants. If P, is the peak
available output power, i.e., the power at which rollover (see Fig. 5)
occurs in CW operation, and I, is the corresponding direct current,
then, e.g., in a 30°C ambient, P, may be as large as 25 mW /facet, and
I, is typically 180 to 250 mA, which is 5 to 15 times the threshold
current (Ii,) at 30°C. Since many of the lasers had P, (30°C) = 25
mW /facet, it was possible to select a group for constant optical power
aging at =20 mW /facet; this level was chosen to be below P, to allow
for some decrease in P, with aging. The operating current to maintain
an output =20 mW /facet was continually monitored. This P/I regime
was characterized by the following constant stress conditions: P = 20
mW /facet, Tamp = 30°C, uncoated facets, and laboratory ambient (=~50-
percent RH).

Plots of operating current (I,,) versus time are given in Fig. 8. The
bimodality in degradation behavior is only apparent; a variety of
degradation rates are actually present. The initial values of I,,, which
are ~5 times Iy, are, on average, lower in the group showing marked
degradation than in the group showing little or no degradation; I,,(0)
is not indicative of degradation potential. Judging from the sublinear-
ity present in the dc L-I curves, i.e., the substantial departure of P,
from the power output that would have been expected from a straight
line extrapolation of the initial value of the L-I slope up to a current
I,, the P/I regime is unavoidably stressing both the active region and
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Fig. 8—Plots of operating current (to maintain 20 mW/facet in a 30°C ambient)
versus time for ten lasers that had previously only experienced a burn-in (5 mW /facet)
at 60°C for 100 hours, and had shown AI,,//,,(0) < 5 percent.

shunt current paths. Although there is some sign of an initial incu-
bation period present in the degradation behavior of some lasers, no
stabilization occurs in 275 hours. Even if power, as distinct from
current, is an important accelerant, its usefulness is limited not only
by the fact that P, rarely exceeds 25 mW /facet, but as well by the
substantial downward spread in actual values of P, in a given popu-
lation (see Fig. 9). Henceforth, in attempts to stress the active region,
current will be emphasized as the practically important accelerant.
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Fig. 9—Normal plot of the peak or rollover CW power (P,) at 30°C for 70 lasers that
had been subjected to only a burn-in (see caption of Fig. 8).

4.5 Temperature-current (T|1) overstress regime

High temperatures and currents will exclusively stress the shunt
path. The sublinearity present in the de¢ L-I curves at threshold
indicates that some current is always flowing into the shunt path,
regardless of the temperature and output power at which the laser is
operated. To stress the shunt path alone, the ten lasers aged previously
in the P/I regime (see Fig. 8) were subjected to the 7/I regime
characterized by the following constant stress conditions: I(=I,) =
250 mA; Tump, = 100°C; uncoated facets; and laboratory ambient.
Periodically, the ambient temperature was lowered to 60°C, and the
operating current to yield 3 mW /facet was recorded (see Fig. 10).

The most important discovery in the degradation patterns of these
lasers is the stabilization effect that occurs within <20 hours. The
lasers (numbers 3 and 6) that exhibited the largest change in Fig. 8
failed to emit 3 mW /facet at 60°C and consequently are not repre-
sented in Fig. 10. Lasers (numbers 1, 2, and 10) that exhibited
intermediate changes in Fig. 8 exhibited in Fig. 10 increases that were
similar to one another. The lasers (numbers 4, 5, 7, 8, and 9) that
exhibited the smallest changes in Fig. 8 continued to exhibit relatively
small or no changes in Fig. 10. (We shall subsequently present data
that show that virtually all lasers exhibit an initial transient mode of
degradation, which can be compelled to stabilize rapidly [~a few hours]
in a high temperature-high current stress regime; after stabilization,
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Fig. 10—Plots of operating current (to maintain 3 mW/facet in a 60°C ambient)
versus the time that the lasers were subjected to overstressing in a nonlasing regime
(100°C, 250 mAdc); the lasers used had previously been subjected to a power-current
overstressing (see Fig. 8).

the degradation rates of all surviving lasers are substantially lower
and very similar to one another, despite the larger rate differences in
the prestabilization time period.) Since the P/I regime stresses the
active region and shunt current paths simultaneously, and since the
T/I regime almost exclusively stresses the shunt path, the correlation
between Figs. 8 and 10 suggests that the prestabilization increases in
operating current occur because of some mechanism related to the
shunt path. This is important because the shunt path is always
operative, even at threshold.

4.6 Effect of T|I and P/I overstress regimes on the initial saturable
degradation

To confirm the conclusion that the prestabilization degradation is
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largely a shunt path phenomenon, the order in which the P/I and
T/I stress regimes had previously been imposed was reversed, and
more comprehensive monitoring was done by periodically generating
L-I curves. For a second set of lasers the T'/I regime was characterized
by Tt = 150°C, I = 250 mAdc, time = 10 hours, uncoated facets, and
laboratory ambient. An L-I curve was generated at a test ambient
temperature of 60°C, at the start and finish of this regime. Immediately
thereafter, we imposed a P/I regime whose characteristics were
Tl = 60°C, I = 200 mAdc; time = 200 to 300 hours. L-I curves were
generated periodically at 60°C. The results of the two sequential
regimes are shown for one laser in Fig. 11. The important change
occurred in the T/I regime, in which the terminal current was diverted
almost entirely into the shunt path. Much less significant changes
were observed during the P/I regime, in which the active region path
and shunt path were comparably and simultaneously stressed. This
suggests that stabilization had been completed for this laser within 10
hours, since further stressing of the shunt path produced no compar-
ably dramatic effect. Another example of degradation during the T/I
and P/I regimes is shown in Fig. 12. Note that after the 7/I regime,
it was not possible to get 3 mW /facet at 60°C at any value of current.
A similar large decrease in P, is the likely explanation for why devices
numbers 3 and 6 of Fig. 8, which had exhibited the largest degradation,
were unable to emit 3 mW /facet at 60°C and hence were not repre-
sented in Fig. 10. The laser of Fig. 12 continued to exhibit marked
degradation in the P/I regime; this may have been due to degradation
of the active region path as distinct from the shunt path, or it may
reflect an additional nonsaturable, or not yet saturated, degradation
of the shunt path.

To demonstrate the time evolution of the stabilization of the initial
transient mode, another group of lasers were T/I stressed at Topp =
135°C and I = 250 mAdc. The rollover power, P,, at 60°C was recorded
at various times throughout the stress duration of 200 hours (see Fig.
13a). This experiment was repeated with another set of lasers stressed

T The temperature was chosen so that with I = 250 mA, the junction temperature
would remain below the melting point (183°C) of the Pb/Sn solder.

*This value of current was chosen because I, = 180 to 250 mAdc, i.e., the current
(I,) at which the peak output occurs (independent of ambient temperature) is, on
average, ~200 mAdc. The emphasis for this version of the P/I regime was not on optical
power output as an accelerant, even though P, = 10 mW/facet at 60°C. Rather, it was,
in part, upon maximizing the current through the active region, whose stressing we
desired. More of the injected current (200 mA) would have flown through the active
region at a lower temperature (e.g., 30°C), but we also wanted to maintain some thermal
acceleration, as well as current acceleration, of the active region path, so 60°C was
chosen as the ambient temperature. Temperatures below 60°C are difficult to obtain,
even if desirable, because of the current heating of the laser bar holder.
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Fig. 11—The effects on the 60°C CW L-I curve of a purge, i.e., a sequential temper-
ature-current and power-current overstressing for the time durations shown.

at Tamp = 150°C and I = 250 mAdc (see Fig. 13b). Stabilization, in the
contexts of Fig. 13a and b, means that an initially large rate of
degradation of P, decreases with time until it becomes constant. The
current was constant (250 mAdc) in both T'/I regimes, and in both
cases it flowed exclusively in a shunt path. The optical output was
also constant in each case, i.e., very small, because no current went
into the active region.

4.7 Activation energy of the saturable initially occurring mode of
degradation

Many degradation mechanisms involve the diffusion of atoms and
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Fig. 12—The effects of sequential overstressing (purging) on another laser; regimes
are similar to those of Fig. 11.

hence possess an Arrhenius time-temperature dependence, i.e., a re-
action rate given by

R « exp [— ﬁ], (2)

where k is Boltzmann’s constant, T is the absolute temperature, and
E, is the activation energy. More complicated temperature-dependent
reaction rates might be used, e.g., the Eyring equation.*? Since there
is no physical basis for making a rational choice, the simplest, (2), will
be used. We shall follow the approach of Joyce et al.**** R is understood
to be the rate of degradation of some parameter that occurs at an
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Fig. 13—Peak CW power (P,) versus time for seven lasers; (a) the stress condition
was 135°C and 250 mAdc and the L-I curve monitoring of the effects was done at 60°C.
(Cont.)

elevated accelerated aging temperature, T, as measured at some lower
reference temperature. This is the activation energy approach.** Since
no rates of degradation are monitored at the accelerating tempera-
ture(s), this approach is suitable for the case of Fig. 13, where the
accelerating temperatures exceed that at which lasing occurs. With T}
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Fig. 13—(b) Same as Fig. 13a except that the overstress temperature is 150°C.

and T, as the two accelerating temperatures, E, may be calculated
from

Ea=k[—
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an expression that is independent of the reference temperature. No
explicit current density dependence of the rate of degradation was
included in (2) because the current was the same in the thermal
regimes (see Fig. 13) to be compared and such dependence would be
expected to cancel out in forming the ratio, which is (3).

Adding a current-induced temperature increase (25°C) to the
ambient temperatures of 135 and 150°C enables us to compute that
(EJ); = 1.5 eV for the initial mode, using the median decreases in
rollover power in the first hour, R(150°C) = 1.9 mW/h, and R(135°C)
= 0.48 mW/h, as obtained from Fig. 13. Alternatively, one might
suppose that the time duration () required for stabilization also obeys
an Arrhenius equation like (2), so that with R(150)/R(135) replaced
by 7(135)/7(150), it is calculated that (E,); = 1.2 eV, using 7,,(135°C)
= 24 hours and 7,,(150°C) = 8 hours. There is no a priori reason that
both calculations should have given equal answers, even apart from
uncertainty in the data. For lasing operation in the ambient temper-
ature range 40 to 70°C, it has been found® that (E,); = 0.54 eV. All
estimates of (E,); have been made by comparing degradation properties
among groups of lasers that are isothermally aged at different temper-
atures.

It may always be speculated that the large difference between the
0.54 and 1.5 eV values is due to the presence of two different modes
of degradation. A more likely explanation® for at least some of the
discrepancy is related to the fact that the comparisons leading to
estimates of (E,); are being made between statistically inequivalent-
populations that are isothermally aged; considerable variations in rates
of degradation and stabilization times can exist within a population
at a fixed temperature. Step temperature stressing on individual lasers
is preferred®® as a method for avoiding the large within-population
variations, but this scheme is impractical to employ when the rates of
degradation are changing significantly throughout the test period.
From a practical standpoint, however, knowledge of (E,); is much less
important than the knowledge about how to compel a timely stabili-
zation of the initial mode.

4.8 Conclusions about prestabilization degradation

The important result of the two active aging overstress stages of the
purge, which were intended to use temperature and current as acceler-
ants for the degradation of both the active region and shunt paths, is
that virtually all lasers exhibit an initially occurring transient mode
of degradation. Further on, it will be shown that this mode may require
300 to 1000 hours to stabilize in an elevated temperature (60°C) burn-
in (3 mW/facet). The rates of degradation associated with this mode
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are considerably larger than the rates associated with the mode that
controls the long-term behavior.

The stabilization of the initial saturable or transient mode is asso-
ciated with considerable degradation,* as might be monitored by an
increase in operating current to maintain a constant optical output.
The prestabilization degradation produced during the 10 hours of T/I
overstressing (150°C, 250 mAdc) will be shown to be substantially in
excess of the additional degradation subsequently experienced by the
same laser during an entire subcable system lifetime (2.2 X 10° hours)
at 10°C.

The prestabilization degradation produced during the purge over-
stressing is caused by current (not by optical power, which is negligibly
small in the T/I regime) flowing exclusively in a shunt path (very
little current flows simultaneously in the active region path). Current
is the crucial stabilizing accelerant.

To determine the rates of degradation and activation energy for the
long-term wear-out mode, the initial mode must be stabilized. It is
unsatisfactory to produce stabilization solely by means of an elevated
temperature burn-in because, as will be shown, it can require >10°
hours of aging to make certain that stabilization has actually been
achieved. Since the times-to-stabilization and the extent of the stabi-
lization (increase in current to maintain a fixed optical output) are
variable, any attempt to determine activation energies and degradation
rates, which are expected to accurately characterize the bases for long-
term lifetime predictions, while stabilization is still in progress, will
introduce considerable uncertainty’ into these predictions. Activation
energies and degradation rates that include variable amounts of pre-
and poststabilization modes of degradation can lead to either overly
optimistic lifetime predictions or to unduly pessimistic predictions
requiring expensive redundancy in laser installation. Having recog-
nized the existence of an initially occurring mode that eventually
saturates or stabilizes, it i1s imperative that the stabilization process
be temporally accelerated to facilitate a timely access to the longer-
term ultimately controlling mode.

The overstress regimes of the purge serve sorting, and filtering, as
well as stabilization, purposes. Surviving lasers may be sorted according
to the increase in operating current (to maintain a constant output)
produced during the T/I regime; all else being equal, the lower the
operating current, the better, since current is certainly a candidate for

* Speculations about possible specific mechanisms will be reserved until Section VII.

t See Section 4.9 for a specific discussion of how the initial transient mode can distort
determinations of the degradation rates and the activation energy for the long-term
mode.
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being an accelerant of wear-out. Some filtering (identification and
elimination of infant failures) may have been accomplished during
preliminary prior-to-receipt burn-in (see Section 4.2). Additional fil-
tering results from the imposition of the T/I regime. Subsequently
conducted long-term rate monitoring (see Section 4.9) requires meas-
urable degradation to occur during an elevated temperature (60°C)
burn-in (3 to 5 mW/facet) for a laboratory experiment convenient
time period (~1 kh). If the degradation that occurs for a laser during
the T/I regime is so potent that it is not possible to then get 3 to 5
mW /facet at 60°C for any value of operating current, then that laser
is rejected because it is practically untestable, even though it might be
capable of quite stable long-term operation at lower burn-in temper-
atures. Thus, if a laser achieves stabilization and is able to emit 3 to
5 mW /facet at 60°C, with some margin, it is a survivor. On the other
hand, if a laser loses the capability of emitting 3 to 5 mW /facet at
60°C, whether or not it has stabilized, then it is rejected.

4.9 Long-term rates of degradation—Elevated temperature burn-in rate-
monitoring regime

To this point, we have examined the harsher shorter-term compo-
nents (T/I and P/I regimes) of the active aging portion of the purge.
Yet to be considered is the longer-term elevated temperature burn-in
of the truncation active aging regime on devices that have passed
through (or survived) the earlier imposed harsher stress regimes of the
purge. The general intent of the burn-in testing is to detect the early
failure fraction of the wear-out population.® Specifically, the elevated
temperature burn-in stage may be used to do the following: (1) to
establish a “fan” in the distribution of the long-term degradation rates
to permit a deterministic selection of the least rapidly changing devices
for subcable applications; (2) to determine whether the harsher prior
stages of the purge actually performed their intended function, i.e., to
stabilize an initially occurring transient mode of degradation;* and (3)
to demonstrate, by comparison with the burn-in of lasers that had not
been exposed to the T/I and P/I regimes, that these purge regimes do
not introduce degradation that would not otherwise have been present.

Forty lasers were divided into two equal groups. Each group had an
equal number of representatives from each of 11 wafers. One group,
but not the other, was exposed in sequence to a T/I regime (Tamp =
150°C, I = 250 mAdc, laboratory ambient, and time = 10 hours) and

* If stabilization has not been achieved, as might be detected in the first ~100 hours
of the burn-in, the relevant lasers could be recycled through the prior harsher stages.
Those devices which remained unstabilized would be discarded after another elevated
temperature burn-in.
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then a P/I regime (Tamb, = 60°C, I = 200 mAdec," laboratory ambient,
and time = 350 hours). Both classes were then subjected to an elevated
temperature (60°C) burn-in (3 mW /facet) for 1000 hours. An ambient
temperature equal to 60°C is approximately the lowest temperature at
which unambiguous degradation is likely to be seen in a convenient
time period (~1 kh). The 3 mW/facet level was chosen so as not to
eliminate from the burn-in test any laser that might not have been
able to produce a higher output (e.g., 5 mW/facet), but that would
otherwise have exhibited tolerably slow degradation. Figure 14a dis-
plays the smoothed aging behavior for the group that was not exposed
to the overstress regimes (7/I and P/I). Figure 14b is the smoothed
behavior for the group that had previously been overstressed. Of the
20 overstressed lasers, two were not admitted to the burn-in test
because they could not emit 3 mW /facet, at any current, at 60°C; this
is the result of L-I degradation similar to that shown in Fig. 12. Three
of the overstressed lasers had operating currents >120 mA and were
omitted from Fig. 14b; 15 lasers are represented in Fig. 14b. A number
of conclusions about Fig. 14 can be made.

The previously overstressed population of Fig. 14b exhibited low
rates of degradation in contrast to the previously unstressed group of
Fig. 14a, which exhibited a variety of much larger rates of degradation.
Despite the variety, all of the degradation patterns of Fig. 14a are
caused by an initially occurring saturable (in different times, 300 to
1000 hours) mode of degradation that can be compelled to stabilize in
~10 hours during a T/I overstress regime. Although the overstress
regimes caused an increase in operating current (l,,) to maintain a
constant output, the subsequent degradation rates during burn-in are
largely immeasurably low in the 1-kh time period. If the presence of
the initially occurring transient mode is not recognized as being
controlling for virtually all of the lasers of Fig. 14a, then the aging
behavior during a conventional 3-mW /facet, 60°C, 100-hour burn-in,
without prior overstressing, can give misleading indications about
long-term reliability.

Prior to any attempt to measure E, for the long-term mode of
degradation, it is crucial to stabilize the initially occurring transient
mode. To see why, consider the laser represented by the uppermost
curve in Fig. 14a, which exhibited stabilization in ~400 hours. Imagine
that a step temperature stress procedure®****" employing measured

* Since the P/I regime is designed to overstress the active region current path, the
stressing current was lowered from the 250 mAdc of the T/I regime to 200 mAdc in
order to avoid the sudden pnpn switching effects (e.g., Fig. 5b) that can divert significant
additional current into the shunt path. These sudden switching effects invariably occur
above I, = 200 mAdc.
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Fig. 14—Comparison plots of aging behavior (operating current to maintain 3 mW/
facet) at 60°C for companion groups of lasers which (a) had not, and (b) had been
previously overstressed (purged).

rates of degradation has been used to determine the E, for this laser,
which had not passed through the T/I and P/I overstress regimes.
Suppose that after testing at 60°C for 200 hours, the ambient temper-
ature had, for example, been increased to 70°C; the degradation rate
would naturally be expected to increase. Since, however, the rate at
60°C would have undergone a significant reduction in the 200- to 400-
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hour period had aging been continued at 60°C, the rate at 70°C would
actually be less than it might have been if the initial (0- to 200-hour)
rate at 60°C had persisted. Consequently, this particular step stress
direction (an increase in ambient temperature, 60 to 70°C) would yield
a value for E, that was too small. Similar reasoning shows that if the
step stress direction had been reversed (a decrease in ambient temper-
ature, e.g., 60 to 50°C), E, would have appeared too large.

For another example, if sublinear behavior is detected for a given
laser, then any temporal extrapolation based upon fitting the degra-
dation data to a sublinear time dependence may give greatly overesti-
mated laser lifetimes, if the time dependence of the degradation were
to become linear after the initially occurring mode has stabilized.
Alternatively, if the degradation time dependence were to be incorrectly
perceived as linear during an initial burn-in (~10% hours), an unduly
pessimistic lifetime prediction might be made upon the incorrect
assumption that a large degradation rate remained uniform in time
well beyond the burn-in period.

From a comparison of Fig. 14a and b, it is seen that the increases
in I, caused by the overstress regimes are comparable to those that
occur in the absence of any prior overstressing.* The overstress re-
gimes compelled the stabilization to occur quickly and caused the
elimination of 5/20 lasers, which were viewed as having incurred too
much degradation.” The overstress regimes did not appear to cause
any degradation that, but for the overstress, would not otherwise have
been present.

Figure 15 exhibits the normalized operating currents for 14/15 of
the lasers of Fig. 14b for 7000 hours of a 60°C, 3-mW /facet burn-in.
The largest increase in I,,/1,,(0) was =22 percent in 7000 hours. The
purge regimes that preceded the extended duration burn-in at 60°C
did not consume intolerable fractions of useful operating lifetimes, nor
were they inherently destructive of good lasers. The previously un-
stressed lasers (Fig. 14a) also exhibit very low rates of degradation at
60°C beyond 1 kh, which are comparable to those of Fig. 15. Thus,

* Because of this, it cannot be argued that the initial increase in current during the
150°C T/I purge regime is caused by changes in the Pb/Sn solder, since similar increases
occur at 60°C, over much longer periods of time.

t Continuous operation of a laser at any current less than, but near, I, (the current
corresponding to the peak power output, P,, of the rolled-over dc L-I curve, e.g., see
Fig. 12), where the slope efficiency is low, will be likely to lead to a sudden failure. Even
a minor increment in degradation, which has the effect of shrinking the L-I curve in
the manner of Fig. 12, can cause a substantial increase in current to maintain a constant
output. When the operating current equals I,, any further degradation causes the
current to increase rapidly to the limit of the power supply, since at no value of current
is it any longer possible to obtain the desired output; P, is now less than the desired
output. The time dependence of this degradation would be superlinear in operating
current.

RELIABILITY ASSURANCE IMPLEMENTATION 837



BURN-IN: 60°C, 3mW/FACET
/,’3.1 %/kh
14
LASERS
1.0 y,
g
ONE TWO THREE FOUR FIVE
EQUIVALENT
CABLE LIFETIME
05}
0 1 ] 1 ] ! ] ]
0 2000 4000 6000 8000

TIME IN HOURS AT 60°C, 3 mW/FACET

Fig. 15—Elevated temperature (60°C) burn-in (3 mW /facet) for 7 kh of a group of
14 purged lasers.

stabilization of the initially occurring transient mode will eventually
take place without the necessity for overstressing; the penalty exacted
is ~1 kh of aging at 60°C before it is reasonably certain that a long-
term mode of degradation has become controlling. No correlation was
found between the purge-induced initially occurring decrease in P,
(Figs. 11 through 13) and the long-term wear-out degradation rate.

To test whether the long-term degradation rates were increased at
higher output power levels, another batch of lasers was purged and
burned-in at 60°C for 2000 hours, with half aged at 5 mW/facet and
half at 3 mW/facet. The Normalized Degradation Rates (NDR) are
shown in Fig. 16. It is uncertain from these data that there exists any
significant dependence upon level of operation. Other workers,?3!
however, using a larger range of outputs (1 to 7 mW /facet) and step-
stress aging, were able to show that operation at higher outputs
produced larger degradation rates. These findings®*?*! are expected
since the unbiased shelf life of these devices is long; current and/or
optical power are certain to be long-term degradation driving mecha-
nisms and accelerants. Our inability to perceive a significant difference
in degradation behavior between two levels of operation (3 and 5 mW/
facet), by comparing the widely varying NDR of two separate groups
of lasers (see Fig. 16), emphasizes the benefit of the step-stress aging
technique. 3!

Two points may be made about the dependence**! of the long-term
NDR upon the output power level of operation. The first is that, at

23,31
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Fig. 16—Normalized degradation rates for two different groups of purged lasers
operated at 60°C at 5 and 3 mW/facet for 2000 hours.

least for subcable use, the NDR are so small that demands for larger
(than 5 mW /facet) laser transmitter output powers could be satisfied.
The second relates to whether the driving mechanism for long-term
degradation is optical power or current. To get a higher output power
at some temperature, the current must be increased. As the current is
increased, the fraction of that current diverted into a shunt path is
also increased; this is a nonlinear effect (see Fig. 5b). In our view it
has not yet been conclusively established whether, e.g., it is the optical
power?® within the active region or the current in some shunt path
(which is activated even at threshold) that is responsible for long-term
degradation.
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Fig. 17—The effect on the 50°C CW L-I curve of a laser as it is aged to complete
failure in a 150°C, 250-mAdc, 100-hour regime.

V. ACTIVATION ENERGY OF A LONG-TERM NONLASING SHUNT
PATH MODE OF DEGRADATION

Figure 13 shows that beyond the time of stabilization in a T/I purge
regime, there is a longer term mode of degradation present. An example
of complete degradation due to long-term T'/I aging, as monitored by
the lasing output at 50°C, is shown in Fig. 17. We wish to determine
the activation energy for the long-term T'/I mode, because, if too high
a purge ambient temperature is chosen, it is possible that a significant
fraction of the useful lifetime of a “good” device would be consumed
if the duration of the T/I regime were excessive. It is also desirable to
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know the activation energy for this shunt path mode, because the
shunt path is activated even at the lower temperatures and currents
associated with normal laser operation.

The process of using a T/I regime to stabilize the initial transient
mode in a timely fashion and then using a 7T'/I regime to produce long-
term degradation, with the eventual purpose of determining some
upper limit on T, has a distinct bootstrap appearance. We were,
however, aided by our initial observation (see Fig. 10) that stress
temperatures =~100°C were not significantly deleterious, and by a
practical upper limit that was the melting temperature (183°C) of the
Pb/Sn solder. Using our previous determination (see Section 4.1) that
the thermal impedance Ry, = 50°C/W and that V = 2 volts when I =
0.25A, the use of (1) yields AT = 25°C. An upper limit on the ambient
temperature is given by subtracting the incremental junction heating
(25°C), which occurs during the T/I overstress, from 183°C. For safety
we picked Tamp < 150°C. (Extra margin is derived from the p-up
bonding. Even if the active region reached 183°C, it is unlikely that
this temperature would be felt at the n-side, Pb/Sn solder interface.)

For purposes of transient mode stabilization, a first T/I regime was
imposed and characterized by Tum, = 125°C, I = 250 mAdc, and At =
150 hours. Next the two accelerating 7T'/I regimes were imposed:
Tamp = 100°C, I = 250 mAdc, At = 200 hours; and then Ty, = 150°C,
I=250 mAdc, and At = 100 hours. Optical power was not a significant
accelerant in either of these regimes, since the power outputs were low
and similar (<0.1 mW). The stressing current, I = 250 mAdc, was
kept constant.* Periodic monitoring was performed at 50°C where a
dc L-I curve was generated each time.

A number of different parameters may be used to record the rate of
degradation, e.g., the threshold current (Ii1), the current required to
produce a 3-mW /facet output (I3), I5 - - - or Pp. Since I, is somewhat
ambiguous in view of an increasing “softness” in the turn on with
increasing time, since a variety of kinks appeared in some of the curves
at 3 and 5 mW, and since some curves had no output at 5 mW at
50°C, we restricted our attention to the increases in I;5 and the
decreases in P,. Correcting the ambient temperatures (100 and 150°C)
by the current-induced junction heating (+25°C), which is the same
for both regimes, the rates of degradation of I; 5 and P, and use of (3)
lead to the values of (E,)s, for the long-term shunt path mode shown
in Table I for seven lasers. I, 5 as a function of time is shown in Fig.

* If the stressing current had been different in the two accelerating regimes, then
deriving a value for E, based upon a ratio of the degradation rates at the two tempera-
tures would impute solely to temperature an effect which may actually have been a
function of both temperature and current.
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facet in the course of stressing at 250 mAdec, first in a 100°C and then in a 150°C
ambient. Previously, overstressing was used to stabilize an initial transient mode.

18 for laser number 3 and P, as a function of time is shown in Fig. 19
for laser number 4. Since step-stress aging was used, a value of (E,),
for each laser could be determined.

From the apparent linear degradation®* with time after stabilization
(Figs. 13, 18, and 19) it is reasonable to assume that there exists a
single dominant mode of degradation that is responsible for the
changes in both I, 5 and P,. Consequently, the values determined from
these two indicia might be expected to be the same. The device-to-
device differences in (E,)s, are not considered meaningful. We shall
use (E.)sn = 0.85 = 0.1 eV as a common population descriptor®** of
thermal aging in the nonlasing T/I regime.

It is of interest to compare our findings with the activation energies
determined by others for operation in the light-emitting regime. Step
stressing was used to determine® an activation energy, in long-term
lasing operation, equal to 1.05 £ 0.15 eV in the ambient temperature
range 40 to 80°C. In the course of lasing operation, both the active
region and shunt paths may be simultaneously degrading, since both

* For the reason given in Section 4.9, the rate of increase of I, 5 will tend to become
superlinear as P, degrades downward toward 1.5 mW; as P, reaches 1.5 mW, I, will
tend toward infinity, which in a practical case is the maximum current available. The
linear rates observed in Fig. 18 are expected to hold provided that P, does not approach
too closely the desired constant output power.
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Table 1—Experimentally determined activation
energies using step temperature aging

Measure-
Average ment Error
Laser Number I;5 (eV) P, (eV) E, (eV) (eV)

1 0.86 0.80 0.83 +0.03
2 0.85 — — —
3 0.74 0.94 0.84 +0.10
4 0.94 0.85 0.90 +0.05
5 0.81 0.77 0.79 +0.02
6 0.86 0.74 0.80 +0.06
7 0.99 0.82 0.91 +0.08
Average 0.86 0.82 0.85 +0.06
Standard
Deviation +0.08 +0.07

are being stressed. Isothermal aging of lasers, of exactly the same
structure and composition, in the ambient temperature range 50 to
70°C, yielded* an extrapolation energy**** E, =~ 0.9 eV. For the tem-
peratures of interest it may be computed (see Ref. 44, eq. [33]) that
E.=E, + 0.14 eV, so that E, = 0.76 eV. This measurement also
presumptively involved degradation of either one or both of the active
region and shunt paths. In an LED configuration (no shunt path), the
activation energy in the ambient temperature range 170 to 250°C for
the thermally induced degradation of the active region path, as mea-
sured at room temperature, was found’ to be E, = 1.0 eV.
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Considering the experimental uncertainties (step-stress versus
isothermal* aging), and the differences in operating conditions (lasing
measurements*®® were for constant optical power, while the LED
measurements’ were at constant current), the above values of E,,
including ours for the shunt path, are not viewed as significantly
different. This does not mean, however, that for our lasers the shunt
path mode of degradation is controlling during low temperature lasing
operation; we have not shown that the shunt path has an (E,),, = 0.85
eV at low temperatures. The similarities in the above values of E, only
suggest that if there is an active region mode of degradation that is
different from a simultaneously present shunt path mode, then they
may have nearly the same values for the long-term E,.

VI. LONG-TERM LIFETIMES

This paper is concerned exclusively with light-emitting reliability,
and not with any lifetime limitation imposed by kinks in the L-I
characteristic, beam wander, mode hopping, etc. Figures 8 and 10
through 19 indicate that all degradation of our lasers is characterized
by both increased operating current (I,,) and decreased rollover or
peak power (P,). The system-imposed lifetime limitation on P, is
P, = 5 mW /facet, and the limitation on I, is I,, < I,, where I,, is the
maximum available current from the transmitter compensating circuit.
If I,(= 175 to 250 mAdc) is the current at which P, generally occurs,
we shall assume that I,, < I,,, so that the lifetime will be current- and
not power-limited.

For the purpose of making plausible lifetime estimates, we shall
assume that the operating current (/,,) to produce a constant optical
output is linearly dependent upon time. If I;is the value of I, at failure
(t = 7), then the lifetime (7) is given by

I 1
1,,(0)

"~ NDR @

where the Normalized Degradation Rate (NDR) is given by

* Batch isothermal aging to deduce activation energies can be meaningful only if the
populations are large and statistically equivalent. Our step-stress aging measurements
yielded (E,)s» = 0.85 €V. In contrast, if (E,)s, had been determined from the isothermal
poststabilization data of Fig. 13, it would have been found that (E,)s = 1.9 eV. The
discrepancy is believed to be due to the effect produced by large variations in degradation
rates among devices at a fixed temperature. Another example of what might be the same
problem comes from isothermal measurements made on another structure, the double-
channel planar BH laser operating at 1.3 um. The E, for the long-term mode appears
to fall in the range of a few tenths to 0.4 eV (see Refs. 48 and 49), which is considerably
below the step-stress values that we and others® have found for our structure.
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I,(0) dt~

An upper limit which always exists on I; is the value I,,. It may be
desirable, however, to allow for the imposition of a stricter requirement
upon I;, so that one may write

I; = lesser of [81.,(0) or I,]. (6)

The rationale for choosing a small value of (8 — 1) is that if I, is not
permitted to change by much within a subcable system lifetime, then
very likely no other property will change much either. This can provide
added confidence that a variety of electro-optic deficiencies will not
occur within the system lifetime. A small value of (8 — 1) also tends
to validate the assumption that I, is increasing uniformly with time.

As an example, it appears possible to choose 8 = 1.05, which permits
only a 5-percent increase in [, in a system lifetime. Assuming that
I,,(0) = 0.95 I,, then from (4) and (6) one gets

[7]INDR] = constant = 0.05. (7N

This will be true at all temperatures. With a very large yield, it appears
that postpurge aging at 60°C, 5 mW /facet produces NDR (60°C) < 5
percent/kh. Consequently, from (7) it is computed that 7(60°C) = 1
kh. Assuming that 7 scales with temperature by a factor

E,[f1 1

v=en [ E(5-7)] ®
then with T, = 10°C = 283K, T> = 60°C = 333K, and E, = 1.0 eV, 2 it
is computed that v = 469 so that 7(10°C) = 469 kh, which is twice the
required subcable system lifetime (25 yr = 220 kh) at 10°C. Thus, by
the use of the best estimate® of the value of E, for long-term degra-
dation and an exceptionally strict definition of lifetime, the lasers
appear more than adequate for the needs of the system.

Alternatively, one may ask about the consequences of using a lower,
and hence more conservative, value of the activation energy. If, for
example, E, = 0.85 eV, the low end of the measured® range, then v =
186, and thus a 7(10°C) = 220 kh has a 60°C equivalent lifetime of
7(60°C) = 220/186 = 1.2 kh. In this instance, the 14 lasers of Fig. 15
have lived more than five cable lifetimes, and in that period the largest
increase in the operating current has been =22 percent, an increase
easily accommodated by a feedback compensating circuit.

A third alternative view emerges from answering the following
question. Assuming that the correct value of E, is lower than has been
measured,*? how low could it be before the subcable system would
become unfeasible? Suppose that the transmitter compensating cir-

NDR =

(5)
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cuits can accommodate a 50-percent increase in I, then 8 = 1.5 in
(6), so that from (4) it is calculated that

[r][NDR] = constant = 0.5. 9)

Given that NDR (60°C) = 5 percent/kh, an upper limit on observed
rates, it follows that 7(60°C) = 10 kh. Since 7(10°C) = 220 kh, it also
follows that v = 220/10 = 22, so that from (8) it is calculated that
(E)min = 0.5 eV. It should be noted, however, that after several
thousand hours of a postpurge 60°C, 5 mW /facet burn-in, it is found®
with a high yield that NDR (60°C) < 1 percent/kh, so that on this
basis, 7(60°C) = 50 kh and (E,)mi» = 0.24 eV. (The decrease in NDR
is due to a sublinear time dependence.)

This leads to a fourth alternative framework for viewing the ade-
quacy of the lasers. If it can be shown that the lasers will live
adequately long (220 kh) at 60°C, then regardless of the activa-
tion energy, they will be adequate, a fortiori, at 10°C. Substituting
7(60°C) = 220 kh into (9) yields [NDR (60°C)]max = 0.23 percent/kh.
There are lasers which satisfy this condition, but more work is required
to produce a reliable yield estimate.

All of our concern up to this point has been with the question, will
the lasers last as long as the system? We have not made any serious
attempt to answer the question, how long can the lasers live? The
sublinear behavior® in postpurge burn-in tests offers the hope that
the lasers have the potential for long life. An upper bound may be the
estimated” 60°C lifetimes of LEDs that are =10° hours. This is,
however, probably too optimistic; measured’ lifetimes of LEDs in a
170°C ambient are =~10° hours, while the lifetimes of our lasers in a
150°C ambient are orders of magnitude shorter (see Figs. 13b and 17
through 19). If LED lifetimes are assumed to reveal a “material” limit
upon light-emitting lifetimes, then our lasers may have a “structure”-
or “processing”-induced limit.

VII. CONSIDERATION OF POSSIBLE ORIGINS OF THE INITIAL
SATURABLE MODE OF DEGRADATION

In this section we shall consider three possible specific explanations
for the origin of the initial transient mode, which stabilizes after some
aging: (1) an increase in temperature sensitivity, e.g., thermal imped-
ance (Ruw); (2) lasing-induced facet oxidation; and (3) the formation
of precipitate-like defects caused by the in-migration of Au from the
p-contact. The literature of reliability shows that each has been
associated with an initially occurring temporally saturable mode of
degradation. Existing evidence can be used to rule out the significance
of (1) and (2); existing evidence tends to favor (3) or something similar
to (3).
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7.1 Possible increase in temperature sensitivity of pulsed and dc thresholds
7.1.1 Increase in pulsed threshold due to a possible decrease in T,

The empirical expression universally used® to relate the threshold
current of a laser to the temperature of the active region is given by

Ia(T) = C exp [TEO ] (10)

where C and T} are empirical constants, the latter being so only for a
restricted temperature range. In low duty cycle pulsed operation, the
temperature of the active region is just the ambient or stud tempera-
ture. To detect changes in T\, we compared ratios of pulsed thresholds
at different ambient temperatures before and after aging. Using (10),
To is calculated to be

40
In[I8(70°C)/I(30°C)]

Before aging, [I%(70°C)/I%(30°C)]i=0 = 58.9 mA/35.6 mA = 1.65,
and hence T, = 79.9K, for a particular laser. After a T'/I stressing at
125°C, 250 mAdc for 20 hours in order to stabilize the initial transient
mode of degradation, the thresholds had increased approximately 50
percent, [T5(70°C)/I%"(30°C)] t=20 hours = 86.1 mA/51.8 mA = 1.66 and
Ty = 78.9K, a value essentially unchanged because of the initial
degradation. Alternatively expressed, if a decrease in T, were respon-
sible for causing an increase in I%" (70°C) from 58.9 to 86.1 mA, then
it is calculated that (AT)).q = —6.5K; from above it is seen that
(ATo)exp = —1.0K. Thus, the observed initially occurring stabilizable
degradation appears unrelated to Ty, which remained unchanged.

Similar comparisons of experimentally determined values of Ty,
before and after a much more significant stressing (30°C, 20 mW/
facet, 280 hours, followed by 100 to 125°C, 250 mAdc, 250 hours) were
made on ten lasers. Although most of the lasers exhibited an apparent
decrease in T, of <6 percent, this is not viewed as being outside
experimental error,* which when taken into account permits the
conclusion that T, does not decrease significantly in the course of
degradation. This agrees with other work.? At least with regard to
pulsed threshold increases, in the course of aging, the degradation
must affect the prefactor C in (8), rather than T%.

To[K] =

(11)

* The algorithm for determining I, depended on the shape of the pulsed L-I curve in
the vicinity of threshold. Prior to aging, the 30°C L-I curve is slightly concave upward,
which leads to an overestimate of I,,,. After aging, the 30°C L-I curve is slightly concave
downward, which underestimates I;,. These deviations from ideality tend to make T,
appear lower after aging. Additionally, two lasers that suffered virtually no degradation
showed AT, = —2 percent, while another laser that showed substantial degradation had
a AT, = +1 percent.
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7.1.2 Increase in dc threshold due to a possible increase in thermal
impedance (Ry,)

(GaAl)As lasers bonded p-side down with In solder have a well-
documented history of reliability problems associated with temporally
occurring metallurgical interactions between In and Au. Thus, it was
found that voids could form in the mixed In-Au layer®??® during device
operation, that voids can also form®® during 1000 hours of unbiased
storage aging at 70 to 100°C, that the bonds of life-tested devices
exhibit poor adhesion,* that aged chips can often be easily pulled off
their studs,?® and that the thermal impedance increases during device
operation®®*** so as to exhibit what appears to be a saturable mode
of degradation,®®** reminiscent of the knee-like effects shown in Figs.
10, 13a and b, and 14a. We thought it was important to consider a
possible instability of the Pb/Sn bond despite the demonstrated sta-
bilities of other eutectic alloy solders.”*"2%33

The dc threshold may be written in terms of the pulsed threshold

as
dc
I = Inlexp [R“‘;Z ki ] ) (12)

The incremental temperature increase of the active region above
the ambient temperature, due to injection current heating, equals
Ru, VI, where, as in (1), Ru, is the thermal impedance and VI is the
input power dissipation at threshold. Consequently,

_ T (I
Ry, = Vi In (Iﬁ‘,’l> , (13)
To | I
- 14
VIE [I&?‘ 1]’ 44

since to a sufficient approximation, the exponential in (10) may be
expanded as e* = 1 + x. In general, we do not know the dc and pulsed
thresholds with enough accuracy to use (11) or (12) credibly. For
example, because of the opposite concavity of the dc and pulsed L-I
curves near threshold (see previous footnote), it is often found that
I dc/I pil < 1, a physically unreasonable result. When it is found that

I&/I% = 1, calculations using (11) or (12) sometimes show that Ry,
has decreased with degradation, while in other cases apparent in-
creases are computed. The calculational uncertainty occurs because

I&/I%" exceeds unity by only a few percent; thus, an error of only a
few percent in this ratio can easily alter the calculated value of Ry, by
a factor of two.

To more persuasively address the question of whether Ry, decreases
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and causes threshold degradation, we employed the crossing technique,
discussed in Section 4.1, which we view as a substantially more error-
free and credible approach for examining the behavior of Ry, before
and after aging. Prior to aging a particular laser, whose P, = 18 mW
in dc operation at 30°C, it was found that the 70°C pulsed L-I curve
crossed the 30°C dc L-I curve at I = 0.37 ampere and V = 1.9 volts
and crossed the 50°C de L-I curve at I = 0.22 ampere and V = 1.7
volts. Using (1), it was computed that at these two crossings Ry, = 57
and 53°C/ W, respectively. After thoroughly degrading the laser so that
P, at 30°C was reduced a factor of 300, the above crossings occurred
at I = 0.365 ampere and V = 2.0 volts, and I = 0.228 ampere and V =
1.8 volts. The after-aging values were determined to be 55 and 49°C/
W, respectively. The reasonable conclusion is that Ry, was unaffected
by the degradation. In any case, the indicated decrease in Ry, if real,
would have an annealing rather than a degrading effect upon threshold
or operating current.

7.2 Lasing-induced facet oxidation (erosion)

A lasing (forward bias)-induced facet erosion (oxidation) exhibits
itself on (Al,Ga)As lasers, in its early stages, as an initial saturable
mode of degradation.?*>58 The oxidation that occurs on the emissive
portion of a laser facet can be suppressed if a dielectric (half-wave-
length) film is deposited on the facet soon (~1 h) after cleaving.**® If
the film deposition is deferred for several days, the facet erosion is
only mildly retarded.*’ The proposed explanation*' for this inadequacy
is related to the existence of a natural oxide (thickness =30 angstroms),
which forms with a logarithmic time dependence®®® on the entire
facet after cleaving. The oxide film, probably spongy, sandwiched
between the GaAs and the dielectric coating is a likely conduit for the
transportation of ambient oxidants to the emissive portion of a laser
facet. If the coating is applied soon after cleaving, the natural oxide
will be only =10 angstroms thick and a less permissive conduit. The
rate of formation of the natural oxide on InP is the same as that for
GaAs.®! Therefore, if the lasing-induced oxidation were the same for
InP as for GaAs, then quickly deposited coatings would be essential.
Our present purge studies have been performed on uncoated lasers,
hence our concern about this mechanism. For the following reasons,
we believe that the initial saturable mode is not caused by facet erosion.

1. The initial saturable mode in the etched mesa BH lasers is
extremely variable® in its potency and duration (e.g., see Figs. 8 and
10 through 14). A notable feature of degradation caused by facet
erosion in (Al,Ga)As lasers is that for fixed powers and temperatures,
the magnitude of the increases in operating current and the period of
stabilization were approximately the same for all lasers.*! The varia-
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tions which we and others* observed are inconsistent with expectations
about the operation of facet erosion based upon commonality of the
following conditions for the aged lasers—same wafer, percent relative
humidity, temperature, operating current, material composition, etc.

2. The initial saturable mode is also seen® to a comparable extent
for packaged lasers that are in a hermetic can containing significantly
less water vapor than a laboratory ambient.

3. Although preliminary experiments* with sputtered coatings in-
dicated an apparent effectiveness in the suppression of the initial
saturable mode, recent work® has shown that coatings are actually
ineffective.

4. A recent study,®® using an etched mesa laser structure very similar
to ours, concluded that for operation at 30 mW /facet in a 25°C, room
temperature ambient, an uncoated laser will suffer substantial degra-
dation, Al,,/Ip(0) = 20 percent in 250 hours; the cause was alleged to
be facet erosion.®® Since it has been shown?® that the thickness of the
lasing-induced oxidation d « P (optical power), we might have ex-
pected to see operating currents increase by =13 percent in Fig. 8,
where similar high power operation was monitored. Instead, none of
the lasers in Fig. 8a show any credible increase at all in 250 hours,
and only 1/5 lasers in Fig. 8b fulfills this expectation. Our explanation
for the reported®® degradation when P = 30 mW/facet, which takes
into account the runaway or catastrophic appearance of end-of-life,*
is that operation was too close to P,, the rollover power (see Fig. 9),
and any slight degradation (e.g., our initial saturable mode) caused P,
to fall toward and then drop below 30 mW /facet, at which point the
current supply limit of 250 milliamperes® is rapidly attained.

Not only are we convinced that the initial saturable mode is not
induced by facet erosion, but we are also persuaded that within the
system lifetime (2.2 X 10° hours at 10°C), lasing-induced facet oxida-
tion will very likely never promote degradation that is significant
enough to cause premature failure; thus, uncoated lasers may be used
even in high-reliability applications. The reasons are the following:

1. Uncoated lasers and Al,Os-sputtered coated lasers of a structure
identical to ours were aged at 15 mW /facet and 25°C for 4000 hours
in a laboratory ambient (<30-percent RH) and a dry nitrogen ambient;
there were no significant differences in aging behavior.?®

2. The thickness of the lasing-induced facet oxidation is propor-
tional to the logarithm of time,?® unlike the square-root time depend-
ence found for AlGaAs/GaAs, so that in a 25°C, 30-percent RH
ambient, operation at 5 mW /facet will produce only ~70 angstroms of
oxide in 2 X 10° hours, a thickness insufficient to promote degradation
related to optical scattering, reduced facet reflectivity, or surface
current leakage.
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3. This is supported by the observation® that an uncoated laser
aged at 50°C and 5 mW/facet for 6000 hours showed only a native
oxide layer (=30 angstroms) at the emissive portion of the facets.

4. In another study,® it was determined that the time for I5"/I%(0)
to reach 1.5, because of facet erosion, was =107 hours for an InGaAsP/
InP laser operating in a 70°C, 1 to 10-percent RH ambient at a power
output ~5 mW/facet. In a hermetic can with reduced water vapor at
10°C, this time would be considerably longer.

7.3 Dark-spot defects and gold in-migration

A predominant mode of degradation in InGaAsP/InP DH LEDs"*
and lasers’®® is related to the formation of Dark-Spot Defects
(DSD), although instances of Dark-Line Defect (DLD) formation have
been reported.!®!61862 The early manifestation of the degradation
associated with the nonradiative DSD and DLD appears as an initial
saturable mode in lasers.'®'3%2 The crystalline defects connected with
DSD are precipitate-like”!*'*% and recently were found'***'5 to con-
tain gold (Au), which had migrated into the vicinity of the active
region from the p-metal contact.

A qualitative description of the Au in-diffusion and degradation has
been given'! as follows. During the p-contact alloying procedure,
nonuniformities in the alloyed region are formed, which can have a
spikelike appearance.®* Under forward bias, the current density is
larger in these regions in which the contact metals, especially Au, have
preferentially penetrated. Electromigration and thermomigration
(promoted by local ohmic heating) cause even deeper local penetration
of Au. DSD, formed when the Au reaches the active region, can act as
optical and current (nonradiative recombination) losses.!®!®® Local
heating has been observed at DSD in the active regions of lasers.'”
Outside the active region,* in the nearby shunt paths of an etched
mesa BH laser, the presence of Au may also cause local heating, ohmic
and nonradiative; electrical shorting of the blocking junctions, which
promote increased shunt current flow independent of heating, is also
possible. Any increase in local temperature, at a fixed terminal current,
whether the defect site is inside or just outside the active region, will
promote an increase in shunt current (by virtue of Fig. 5a), i.e.,
degradation, since the terminal current must be increased to preserve
the intended optical output. Consistent with our view that laser-

15

* Within the active region, the precipitate-like defects, caused by local Au deposits,
are manifested as DSD in an electroluminescent view of that region; equivalent deposits
outside the active region, i.e., in the shunt path that borders the active region, do not
have such a visible manifestation and so cannot be called DSD. Our discussions use the
term DSD because that describes how the defects are seen when they are within a
strongly luminescing region.
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degradation-promoting defects exist in the shunt path and can be
caused by exclusive shunt path operation are the observations®* that
initial degradation in lasers of our structure is not necessarily accom-
panied by any darkening of the active region.

The existence of random local invasions of Au from the p-contact
is consistent with the observations of DSD made by others. After an
initial period, the number of DSD in laser operation remained fixed,
if they occurred at all, and this number-saturation coincided with the
knee-formation or degradation stabilization process.!® In LEDs, it has
been reported that both the number and size of DSD increased with
time.’"'® Evidence of a darkening of a portion of the active region in
etched mesa BH lasers has been associated* with degradation in laser
performance. The time for the first appearance of a DSD is strongly
current density dependent.!®®

A certain number of observations about the initial transient mode
and its stabilization are consistent with the idea of randomly located
spikelike regions in which remotely situated nonradiative centers can
electromigrate to the vicinity of the active region. The following are
some examples: (1) On occasion double knees may occur in the course
of T/I stressing, which could correspond to the sequential establish-
ment of two distinct and locally separate diffusion fronts. (2) Some
lasers exhibit no evidence of an initial saturable mode, and for those
that do, the manifestations are quite varied, i.e., both the increases in
operating current required for stabilization and the times-of-stabili-
zation can span a range of values. (3) Figure 14a displays “incubation”
periods prior to the occurrence of the initial saturable mode of degra-
dation, which strongly suggests that little or no degradation can take
place until some in-migrating degradation-causing centers reach the
active region,* or its vicinity, and that once there, the deposited centers
promote a locally confined degradation (increase in nonradiative cur-
rent), which becomes self-limiting, because each center can cause only
so much additional current loss. (4) After substantial degradation
(induced by extensive T/I and P/I stressing), a laser may operate
pulsed but not CW at, e.g., 70°C; since an increase in thermal imped-
ance seems ruled out (see Section 7.1.2), local heating, produced by
defects that did not exist prior to aging and that cause substantial
current shunting in dc operation, seems a likely explanation. (5) To
support this contention of additional heating at the same value of
terminal current after aging, the crossing point method (see Section
4.1) was used to show that, e.g., the 70°C pulsed L-I curve always
crossed the 50°C dc L-I curve at a lower value of current after degrada-

* The existence of the incubation period explains why all of the lasers of Fig. 14a
passed the initial burn-in tests (see Section 4.2).
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tion had occurred. (6) In several instances a thermal annealing effect,
which is present in the absence of forward bias, has been observed
(e.g., Section 3.2), and in one case the threshold of a degraded laser
was decreased by ~10 mA after storage aging at 175°C for 60 hours;
annealing is consistent with a movement or homogenization of a
degrading species.

Still another point of comparison is the activation energy for
the initial saturable mode. We have determined (see Section 4.7)
that (E,); = 1.2-1.5 eV for the initial mode, while others? have found
(E.); = 0.54 eV. In an LED study,'® the activation energy associated
with the first appearance of a DSD was found to be (E;)psp = 1.2 eV,
while a laser study’® found (E,)psp = 0.16 eV. The substantial varia-
tions, due perhaps to the uncertainties caused by using the isothermal
aging comparison technique, prevent any credible conclusion.

Another area of apparent concern is why elevated temperatures
alone, without forward bias, do not produce degradation, when diffu-
sion calculations indicate that they should. For the interstitial diffu-
sion of Au in InP, the distance traveled is related to the diffusion
constant and time by

x = VDt, (15)

where%

0.48 eV] . (16)

— -5, 2. —1 _
D = 132 X 10°cm*s exp[ 5T
Since the p-contact annealing (350°C for 10 minutes) is known to
cause Au to penetrate the Cr barrier layer,®® our storage aging (no bias,
175°C for 4000 hours) (see Section 3.2) should have allowed Au to
penetrate a distance x = 280 um, more than enough to cause degra-
dation of the active region. No degradation occurred, however, which
is in accord with storage aging experiments on quaternary LEDs
(230°C for 2000 hours)” and lasers (100°C for 2000 hours).?® Assuming
that the constants of (16), which were determined at 600 to 820°C, are
validly extrapolated to lower temperatures, it would appear that Au
probably does diffuse large distances, however, in concentrations so
low® (~10" cm™) that no degradation is produced. With the appli-
cation of forward bias, however, many orders of magnitude larger
concentrations of Au are found'>'®" to have diffused inward, perhaps
into vacancies created during annealing; this may correspond to the
more shallow diffusion and distinctly different process for the migra-
tion of Au into InP, which was not characterized, but found.%® (When
Au/Ge contacts on GaAs are annealed with constant current, filaments
of the contact material are found in the substrate. Annealing under
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identical circumstances without current flowing does not produce
contact penetration.®?)

In conclusion, we view the in-migration of Au (or perhaps some
other contact element) from the p-contact region as the explanation,
which best fits our observations and those of others,?® for the initial
saturable mode.

VIII. CONCLUSION

The results of our experimental study of the degradation character-
istics of the 1.3-um etched mesa BH laser may be summarized as
follows.

1. Virtually all unscreened lasers possess to some degree an initially
occurring mode of degradation that stabilizes with aging, i.e., the
observed rate of degradation decreases in some time period from an
initially high value to a constant lower value.

2. At all temperatures of interest, the CW light-current (L-I) curves
are sublinear starting at threshold. As the terminal current is in-
creased, an increasing fraction of that current is diverted into a shunt
path around the active region; two current paths are always operative
under lasing conditions. The CW L-I curves show rollover behavior,
i.e., at a fixed ambient temperature, an increase in the direct current
produces a sublinear increase in output power until a maximum
(rollover) power is reached, and for still larger currents the output
power decreases until lasing is extinguished at some upper threshold
current (~1 Adc). Above this point all injected current goes into a
shunt path. If the injection current is held constant, then an increasing
ambient temperature will cause an increasing fraction of this current
to flow into a shunt path. At a high enough temperature (£100°C) all
current will flow into the shunt path.

3. In a long-duration (~3 kh), elevated temperature (60°C) burn-in
(3 mW /facet), the initial mode will stabilize in 0.3 to 1 kh; in any
lasing regime, some fraction of the terminal current will always flow
in a shunt path. The initial mode will, however, stabilize more rapidly
(~10 hours) (as observed by periodic monitoring at a temperature at
which lasing occurs) in a high-temperature (150°C), high-current (250
mAdc) purge regime in which the current flows exclusively in a shunt
path; there is no optical output in this regime. Thus, it is reasonable
to conclude that the initial mode stabilization, which is often accom-
panied by a considerable fixed degree of degradation in laser perform-
ance, is caused by current flowing in a shunt path around the active
region, whether or not the device is operated as a laser.

4. If, instead, it were concluded?® that during initial lasing operation,
prestabilization degradation occurred in the active region, while in an
initially imposed T/I regime, the prestabilization degradation occurred
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in the shunt path, then it would be prudent to refrain from any lasing
operation until 7/I purging compelled stabilization; it might prove
beneficial to long-term aging if the relatively large prestabilization
degradation were forced to occur outside the active region, rather than
within. If it were shown to be beneficial, then the purge would actually
produce a better laser than would an elevated temperature burn-in.

5. If the high-current, high-temperature purge regime is continued
beyond the point of stabilization, then there is a long-term temporally
linear degradation of the shunt path, which has a thermal activation
energy, (E;)s, = 0.85 eV. The current is the driving mechanism for the
degradation, and the degradation appears to be associated with a shunt
path.

6. Thus, it is possible that when a purged (stabilized) device is
operated as a laser, the always-existing shunt path fraction of the
terminal current is the (or at least one of the) long-term wear-out
degradation driving forces.

7. The degradation that occurs during the purge overstress aging
may be considerably in excess of any subsequent degradation that
would be experienced in the course of the system lifetime (25 years)
of a laser operating at ocean bottom temperature. Alternately put,
most of the degradation that would occur in an unscreened, unpurged
laser during a system lifetime is compelled to occur “up front” by the
purge.

8. Because the initial saturable mode has an incubation period,
unscreened lasers can easily “pass the test” (AI/I < 5 percent) of a
conventional short-duration (102-hour), elevated temperature (60°C)
burn-in (5 mW/facet). Thereafter, as we have witnessed, the degra-
dation of a laser that is purge-induced, and which would occur even-
tually no matter how the device was operated, can be large enough to
force a rejection of that laser as a subcable candidate. It is also possible
that such a routine burn-in would cause a rejection of a laser that
actually might have been a suitable subcable candidate, once stabili-
zation had occurred. However rational short-duration burn-in aging
might appear as a screening procedure to assure long-term reliability,
it proved to be inadequate.

9. The unrecognized (by a conventional burn-in screen) existence
of the initial saturable mode of degradation might have doomed the
lightwave subcable project, either because of a significant number of
postinstallation failures or because of the chaos and delay that its
variable effects would have produced in making reliable lifetime pre-
dictions. Particular adverse consequences of using unstabilized lasers,
1.e., survivors of a conventional burn-in, are:

a. Aslong as the initial mode, which exists in varying degrees in all

lasers, is controlling, it is impossible to determine credible rates
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of degradation at any elevated lasing temperature for the long-
term, wear-out mode.

b. As aresult, no reliable estimate of activation energy for the wear-
out mode may be made.

c. Consequently, lifetime predictions for lower use temperatures
are impossible.

d. If the initial mode is mistaken for the long-term mode, the actual
superlinear followed by sublinear increases in current as a func-
tion of time will result in an enormous spread in activation
energies as determined by step temperature aging of individual
lasers; whether the activation energy is large or small will depend
upon the direction of the step, i.e., higher to lower temperatures,
or the reverse.

e. A mistaken identification of modes, coupled with too small an
apparent activation energy, would doom a potential system be-
cause of the excessive costs connected with redundancy and/or
anticipated replacement. Similarly, the use of an erroneously
large activation energy would doom a system after installation
because the devices could fail substantially prior to the system
lifetime.

f. A mistaken identification of modes might also reject perfectly
good lasers, indeed doom a system, because the perceived rates
of degradation would be too large; appearances might have been
deceiving because the initial rapid rates would eventually stabi-
lize at some lower entirely acceptable values.

g. A failure to detect the initial saturable mode might also cause
excessive field failures because an initially occurring 50-percent
increase in operation current, followed by another 50-percent
wear-out increase over much longer times, could exceed the
capacity of the transmitter compensator circuit. Such would not
have been true, e.g., if a purge strategy were used to compel a
timely stabilization that was accompanied by the initial 50-
percent increase, because this would have occurred before the
transmitter parameters were set up.

10. The purge compelled a timely (~10-hour) stabilization of the
initial mode of degradation; thereafter, access to the long-term mode
permitted its activation energy and temperature-activated degradation
rates to be credibly determined so that reliable lifetime estimates could
be made.

11. The long-term degradation rates have been found to be so low
that, with some confidence, a subcable lightwave system using these
lasers may be contemplated with either an extremely conservative
definition for device failure or with a considerably smaller activation
energy than has actually been measured.
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12. The best guess about the origin of the initial saturable mode of
degradation relates to the in-migration of Au, or some other p-contact
metal or impurity.
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Reliability of InGaAs Photodiodes for SL
Applications
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A major objective of the TAT-8 submarine cable development program is
the reliability assurance of its critical components. A relatively new device,
the InGaAs photodiode, is used as the detection element in optical receivers
and as the monitor of laser output in optical transmitters. In this paper, we
describe a comprehensive reliability program aimed at assessing and assuring
the reliability of InGaAs photodiodes. A major portion of this work has
involved device operation at overstress conditions. Results to date indicate
that for receiver photodiodes a device design exists which is predicted to meet
a 1-FIT reliability objective. Tests of monitors of similar design are in progress.
Critical to the success of the reliability assurance program is the ability to
identify weak devices which are likely to fail early in the system life cycle. A
conventional high-temperature burn-in is shown to be impractical, and it
would not necessarily remove devices which fail by low activation energy
processes. Overvoltage provides a means of accelerating such failure mecha-
nisms. A “purge” using a combination of accelerants (high temperature and
overvoltage) is shown to have considerable promise in failing weak devices,
while inducing significant changes in those devices which subsequently fail
early in a life test (elevated temperature at normal bias conditions). Devices
which are unaffected by the purge are shown by extended life tests to be robust
devices which have a high probability of meeting TAT-8 requirements.

I. INTRODUCTION
Photodiodes fabricated with an InGaAs absorbing region have high
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quantum efficiency over the 1.0- to 1.6-um wavelength region. These
devices are used in all long-wavelength lightwave transmission systems
being developed by AT&T Bell Laboratories. The Submarine Cable
(SL) application utilizes InGaAs photodiodes as the photosensitive
element in receivers and as monitors of laser output for power stabi-
lization in transmitters. The high repair costs associated with an
undersea installation put great emphasis on assuring that the reliabil-
ity requirement of each critical component is met. While initial relia-
bility information on InGaAs photodiodes, either generated in the
laboratory'™® or through our terrestrial applications,* led us to be
optimistic about the long-term stability of these devices, it was clear
that a comprehensive reliability evaluation was required. In addition,
although there is extensive AT&T experience with short-wavelength
(silicon) photodiodes in FT3 lightwave systems, the photodiode screen-
ing procedures for assuring reliability are not directly applicable be-
cause of substantial differences in manufacturing technologies and
semiconductor properties.

The first phase of our reliability program involved substantial
testing of InGaAs photodiodes under various overstress conditions of
temperature, humidity, bias, etc. Coupled with failure mode analysis,
this phase revealed design and fabrication flaws, whose subsequent
elimination led to devices with enhanced reliability. Extensive quali-
fication testing then established that the design met system reliability
objectives. Since in manufacture it is expected that some devices will
be flawed and will therefore be susceptible to premature failures, a
certification process is required which “purges” out the flawed devices,
leaving a surviving population of robust devices which have a high
probability of meeting SL reliability objectives. A surveillance phase
of this process involves the accelerated testing of a portion of the
survivors to establish that the manufactured devices match the relia-
bility statistics of the previously qualified devices. The remaining
survivors are then incorporated into receivers or laser packages and
subjected to further extended operational testing. Final selection of
receivers or laser packages for undersea installation is then made.
Long-term tests are continued on a portion of these packages to reveal
the true reliability statistics of the manufactured population; the
results help determine maintenance strategy.

Key to the success of the certification process is the development of
a purge procedure. In general this procedure will include thermome-
chanical tests (temperature cycling, mechanical shock, vibration, her-
meticity, etc.) to weed out packaged devices that have assembly flaws.
Additionally, and most importantly, the photodiode chips must be
operated under carefully selected overstress conditions which promote
failure or cause detectable instabilities or changes in devices that
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contain manufacturing flaws. It is desirable that the life of the surviv-
ing (robust) devices should not be deleteriously affected, however. The
critical issue is to assure that devices which survive the purge proce-
dure do not fail during the service life of the system. Ideally, the type
of stress and the failures induced should be the same as those encoun-
tered in normal operation so that relevant failure modes are stimu-
lated. However, a variety of stresses can be employed to eliminate all
but the most robust devices. We have found that simultaneous appli-
cation of high temperature and high reverse bias is a promising method
for achieving the desired objectives.

In the following section we review the photodiode device design
from the standpoint of reliability. Critical device parameters and
potential failure modes are discussed in Section III. Results of accel-
erated aging tests, used to qualify the device design, are described in
Section IV. The development of a purge is then discussed in Section
V.

II. REVIEW OF DEVICE DESIGN: CONSIDERATIONS FOR RELIABILITY

Initial InGaAs photodiodes were fabricated in a mesa geometry.>”
These devices were simple to fabricate and capable of low dark
currents. While stable operation has been reported for several thou-
sand hours in limited samples,>® we believe that long-term device
stability is compromised in the mesa geometry since the junction
perimeter is exposed. Contaminants on the mesa walls can result in
surface leakage; the slow ingress of contaminants along the p-n junc-
tion can also increase generation-recombination current. Planar pho-
todiodes, on the other hand, are more amenable to surface passivation
which seals the junction and (ideally) stabilizes surface states. Figure
1 schematically illustrates the planar InGaAs photodiodes developed
at AT&T Bell Laboratories.® Device characteristics for SL receiver
and monitor applications are given in Table I. Several design features
are noteworthy. Back-face illumination® eliminates carrier loss due to
surface recombination, thus enhancing quantum efficiency. A quarter-
wave SiN, film on the substrate side provides an Antireflection (AR)
coating. On the junction side of the chip a double dielectric layer is
used: the first SiN, layer serves as a mask for selected area diffusion;
the second SiN, layer defines the p-contact area and serves as an
additional passivation layer which completes the sealing of the surface.
The entire junction area is therefore protected from the ambient.
Further, the metal contact to the semiconductor surface is restricted
so that the stress, associated with the metallization-semiconductor
interface, is removed from the junction perimeter. Initially, plated p-
contacts were used; however, bias aging at high humidity showed a
fivefold improvement in mean times to failure with e-beam evaporated
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Fig. 1—Schematic illustration of planar InGaAs/InP photodiode. Typical character-
istics are given in Table I.

Table I—Photodiode characteristics for SL applications

Receiver Monitor
(VR=10V) (Vp=5V)
Junction diameter (xm) 78 250
Maximum dark current (nA) 40 100
Maximum capacitance (pF)* 0.42 7.0
Minimum quantum efficiency 0.8 0.6
Maximum rise/fall time (ns) 0.5 0.5

* Chip only.

contacts.” The improvement is thought to be the result of reduced
contamination and the absence of pores in the metallization. This
design results in low dark current, high quantum efficiency, and, as
shown below, excellent reliability.

Ill. CRITICAL DEVICE PARAMETERS AND POTENTIAL FAILURE MODES

In this section we briefly consider the device parameters which are
critical to system operation, discuss possible failure modes, and suggest
methods for probing sensitivity to the associated failure mechanisms.
In general, increased dark current, increased capacitance, and reduced
quantum efficiency deleteriously affect receiver sensitivity. Addition-
ally, pulse rise and fall times must not increase to the point that they
become comparable to the data time slot. For the monitor application,
quantum efficiency and its spatial uniformity are the principal param-
eters. Electrical continuity is obviously critical to both applications.
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Table Il—Critical device parameters and potential failure
mechanisms

Parameter Potential Failure Mechanisms Accelerants
® Dark current Bulk leakage (junction degrada- High-temperature bias
tion, local breakdown) Overvoltage
Surface leakage High humidity
Thermal cycling
o Capacitance Diffusion, doping density changes High temperature
0 Quantum efficiency  “Darkening” of InP High temperature
Degradation of AR coating
o Rise/fall times Formation of traps High-temperature bias
o Electrical continuity Open wire or chip bond Thermal cycling
Fractured chip Centrifuge
Vibration
Shock

Table II summarizes, for these parameters, potential failure mecha-
nisms and accelerants. A detailed discussion is given below.

3.1 Receiver photodiode

Failure of the photodiode in a digital lightwave receiver can impact
operation of a repeater section in two ways, either through catastrophic
failure or gradual degradation evidenced by a slowly increasing error
rate. Catastrophic failures can occur in these devices either from opens
due to die- or wire-bond failures, fractured chips, or from shorted
devices. Metallization-related failure modes, viz., electrolytic corrosion
and electromigration, are not expected because of the low current
density and low electric field in these devices.

Gradual degradation in the detector electro-optical properties can
lead to decreased receiver sensitivity. Clearly, a decrease in photodiode
quantum efficiency results in a proportional decrease in sensitivity.
Such degradation could, for example, arise from changes in the AR
coating applied to the device. Quantum efficiency could also decrease
if absorbing regions were to develop in the transparent InP substrate,
or if recombination centers were to develop in the InGaAs epitaxial
material.

Absorbing or recombination regions (“dark-spot” or “dark-line”
defects) observed in high-radiance LEDs and lasers usually result from
nonradiative recombination processes.® In detectors, photo-excited
carriers are rapidly separated by the field in the depletion layer, i.e.,
there is no carrier recombination. Moreover, the current densities are
several orders of magnitude lower than for LEDs and lasers. Conse-
quently, these phenomena are not expected to occur. In fact, after
1500 hours of accelerated aging at 200°C, the observed changes in
quantum efficiency of (AR-coated) photodiodes are less than +0.1 dB.
Assuming an activation energy greater than 0.5 eV (see Section 4.1),
this is equivalent to 22 X 10 hours of operation at TAT-8 conditions
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(<30°C). Similar findings have been reported for mesa InGaAs pho-
todiodes.?

Other parameters contribute to receiver sensitivity in increasingly
subtle but well-understood ways.!* For example, the detector dark
current contributes shot noise at the receiver input, degrading the
signal-to-noise ratio. Consequently, the usual failure mode in photo-
detectors is taken as increased dark current!? with End-Of-Life (EOL)
determined by a prescribed degradation in receiver sensitivity (e.g., 1
dB). The increase in dark current can arise from either surface and/
or bulk contributions. As mentioned above, poor or no passivation can
lead to contamination of the junction, resulting in surface leakage.
Furthermore, field-assisted migration of impurities from the surface
into the diode’s active region can result in increased generation-
recombination current. Also, field-assisted drift of charge in the dielec-
tric can result in inversion or accumulation on the semiconductor
surface which, by increasing the depletion layer volume, would increase
generation-recombination current.

The dark-current shot noise, however, is not necessarily the most
important noise parameter. The dependence of the mean-squared shot-
noise current on bandwidth or bit rate B (receiver bandwidth is
approximately 0.5-bit rate) is linear, whereas other noise terms vary
as higher powers of B. For example, for the SL receiver that uses a
bipolar transistor as the first gain element, the capacitance of the
detector multiplies transistor noise terms that vary as B? and B3
Thus, at the SL bit rate of 296 Mb/s, dark current is not a major noise
source until it reaches the order of 1 uA. As described in Section IV,
we find that in accelerated aging tests, the dark current (I;) can
increase very rapidly, eventually resulting in a virtually shorted device.
We have taken I; = 100 nA as the operational definition of “end-of-
life”; experimentally we find that this definition is essentially equiva-
lent because of the catastrophic increase in I,.

As suggested above, detector capacitance strongly influences SL
receiver sensitivity and it conceivably could increase with time to
reduce sensitivity. For example, thermally activated changes in the
diffusion profile could alter capacitance. Since the capacitance is
determined by the large width of the “intrinsic” region in a pin diode,
plus relatively small depletion widths in the p and n material on either
side, and since the operating temperature is only about one-third of
the absolute temperature at which diffusion is performed, it is highly
improbable that such changes will occur. On the other hand, charge
accumulation near the surface could induce local changes in the
depletion layer width. As in the case of quantum efficiency, no signif-
icant changes (< + 0.02 pF) have been observed in accelerated tests,
consistent with results reported elsewhere.?
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Finally, the intrinsic rise time of the detector can affect receiver
sensitivity through Intersymbol Interference (ISI). The equalizer in
the linear channel of a receiver is normally adjusted at the time of
manufacture. If subsequent changes in the detector alter the pole
location(s) of the receiver, the equalizer is no longer correctly compen-
sating for these poles and intersymbol interference appears. Within
the resolution of our rise-time measurement (=30 ps), no changes in
this parameter have been observed after 1500 hours of accelerated
aging at 200°C.

3.2 Monitor photodiodes

The discussion of the preceding section largely applies in the case
of the laser monitors. Since the quantum efficiency directly scales the
current level used as an analog of the laser output for control and
stabilization purposes, quantum efficiency must remain stable at least
to the extent that the laser output must remain stable. In present*
applications of these monitor detectors, capacitance and rise time play
relatively unimportant roles. Dark current in the laser monitor is
limited by its possible effect on the laser feedback-control circuit,
being interpreted equally with true photocurrent as a “light level.”
The circuit-imposed limit on dark current is 5 uA, which is taken as
the operational definition of end-of-life.

IV. ACCELERATED AGING TESTS

Long-term accelerated aging tests have been conducted on over 500
receiver and monitor photodiodes. These results have produced itera-
tions in the device design for enhancing reliability and provide the
basis for qualifying the device design for TAT-8. We first consider
tests that utilize high temperature as a means for accelerating failure.

4.1 High temperature-bias aging

Photodiodes, assembled in hermetic packages, were operated at the
normal bias condition at various elevated temperatures in the range
85 to 260°C. In situ measurements of I; were made. Periodically,
devices were cooled (while biased) to room temperature for measure-
ments of I;, reverse breakdown voltage Vgg, and, for some devices,
rise and fall times, quantum efficiency, and capacitance. Figure 2
illustrates a typical I-V characteristic as a function of aging time. I
(defined at the operating voltage) remains nearly constant, in general
for an extended period, then may slowly increase, and finally increases
rapidly to failure—defined as 100 nA for receiver photodiodes and 5
uA for monitor photodiodes. The slow degradation is not always
present and its rate is not correlated to the onset of the rapid rise in
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Fig. 2—Typical change in I-V characteristic for photodiodes as a function of aging
time.

I,,. Therefore, the devices appear to have a “sudden-failure” character-
istic with respect to I;. A qualitatively similar behavior is observed for
silicon photodiodes.?®* Measurements of Vggr do not provide an earlier
precursor to failure than I;, and the time to failure is not correlated
to the initial value of Vgg. In situ measurements of I, provide, at least
for some diodes, an earlier indication of failure than room temperature
measurements. The latter is not of significant advantage, however,
since failures that occur in several thousand hours (under accelerated
conditions) can be identified as impending failures only ~200 hours
earlier. Consequently, room temperature measurements are principally
used. As indicated previously, it has been found that there are no
systematic changes in rise and fall times, quantum efficiency, and
capacitance over long-term, high-temperature aging within our exper-
imental error. Increased dark current is therefore the only observed
chip-related failure mode.

Figure 3 illustrates several (dark-current) failure distribution plots
for receiver photodiodes of early design that were aged at various
temperatures. Two modes of failures are observed: early failures of a
freak population, which in these devices is a high proportion (0.15) of
the sample population; and the main population. At the lowest tem-
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Fig. 3—Dark-current failure distributions for receiver photodiodes of early design
after high-temperature aging. The vertical arrow indicates that no further failures have
occurred.

peratures (T < 150°C), the main population is not clearly defined even
after nearly 10* hours of aging. In fact, at 85°C the observed changes
in I; (neglecting the first early failure) are within experimental error.
The data in Fig. 3 indicate that failures in both the freak and main
populations are thermally activated, although not necessarily with the
same activation energy. Assuming that the freak population can be
removed by some appropriate means (see below), the Median Life
(ML) and standard deviation, ¢, for the main population can be
estimated using conventional censoring techniques.'*

Figure 4 shows the temperature dependence of ML for 116 receiver
photodiodes; the corresponding values of ¢ are given in parentheses.
For 150°C, a worst-case estimate was made assuming that the last
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Fig. 4—Maedian life as a function of temperature for receiver photodiodes. Activation
energy estimates vary from 1.1 eV (expected value) to 0.55 eV (worst case). The median
life (for ¢ = 1) required for a maximum failure rate of 1 FIT over a 25-year service life
is shown for reference.

observed failure in the transition region from freak to main population
was the first failure of the main population. An average value of ¢ =
0.8 was used to extrapolate to ML. In a similar fashion, a worst-case
estimate at 85°C indicates ML > 2 X 10* hrs. Note that at 250 to
260°C there is a spread in estimated values of ML by a factor of ~140.
The progressive increase in ML, in fact, reflects systematic improve-
ments in device design and processing. The “probable” activation
energy, shown as the dashed line, is 1.1 eV, which is reasonably
consistent with the data; a “worst-case” activation energy, shown by
the dotted line, is 0.55 eV. On the abscissa is a reference mark at the
ML corresponding to a maximum failure rate of 1 FIT over the 25-
year service life for TAT-8. The accelerated aging data collected in
this phase of the receiver photodiode qualification program predict
that even the worst-case estimates are consistent with a 1-FIT relia-
bility objective at SL operating conditions, viz., 10°C undersea and
30°C continental shelf. Similar studies have begun for monitor pho-
todiodes. As these latter devices use identical fabrication technology,
operate at a lower bias, and have a higher dark current at end-of-life,
it is likely that the 30-FIT reliability objective will be met.

As an adjunct to the above test program, failure mode analysis was
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p-n JUNCTION

b)

Fig. 5—Electron-beam-induced current signals superimposed on secondary electron
images of failed photodiodes. A photodiode with Vg = 0 exhibits a leakage path shorting
the junction, designated by the arrow in Fig. 5a. A photodiode with a reduced Vzg of 8V
exhibits localized breakdown, designated by arrows in Fig. 5b, when a reverse bias of
8V is applied.

performed using the Electron-Beam-Induced Current (EBIC) mode of
a scanning electron microscope.’>'® In particular, a correlation was
sought between failures and anomalies in the region where the p-n
junction intersected the SiN, passivation layer. For devices for which
Var = 0 after aging, a local leakage path shorting the p-n junction is
evident, as in Fig. 5a. In other cases, local premature breakdown sites
were evident in the EBIC signals when the applied reverse bias was
equal to the (reduced) photodiode breakdown voltage, as in Fig. 5b.
The cause of the large reduction in Vpgp is not known but presumably
involves the field- and temperature-assisted drift of some impurity
species and/or defects to localized sites in the p-n junction. The
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localized failure sites have been correlated'® with microplasmas that
are initially present. ’

4.2 Overvoltage aging at high temperature

To determine the extent to which operating voltage affects reliabil-
ity, 100 monitor photodiodes were aged at 200°C with reverse bias Vg
ranging from 0 to 30V. Figure 6 illustrates the pronounced effect of
Vg on ML. It is noted that only I, failures are observed and no changes
in capacitance or quantum efficiency are detected prior to I, failure.
The mode of failure induced by overvoltage is therefore similar to that
induced by thermal acceleration. The importance of reverse bias has
been previously established in silicon phototransistors where ML was
inversely related to Vi'® In a device with homogeneous junction
characteristics, the leakage current under conditions of high temper-
ature and overvoltage flows uniformly through the junction. Power
dissipation is sufficiently low that devices are not impaired. The
shortened ML with increased Vz is likely owing to enhanced field-
assisted drift of an impurity species to localized sites, as mentioned
above. However, if the device is flawed, so that a disproportionally
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Fig. 6—Effect of reverse bias on the dark-current median life for monitors.
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large fraction of the current flows through a small region of the
junction, the temperature will rise locally; this will further increase
current flow, leading to a runaway process which will ultimately inflict
permanent, localized damage, perhaps because of melting or defect
generation. At the highest overvoltage, local semiconductor damage
was readily visible at the perimeter of the p-n junction.

The previous section showed that temperature at fixed bias accel-
erates photodiode degradation, while the data presented in Fig. 6
showed that reverse bias at fixed temperature accelerates degradation.
Consequently, both parameters can be utilized to formulate an opti-
mum method for purging weak devices. This subject will be treated
more fully in Section V.

4.3 Humidity-bias testing

Humidity is known to provide surface leakage paths in reversed-
biased diodes, which can ultimately lead to device failure.!®” For this
reason our photodiodes are hermetically packaged. To assess the
sensitivity of the photodiodes to humidity, over 100 unpackaged pho-
todiodes were bias-aged at 85°C with relative humidity levels ranging
from <3 to 85 percent.® Consistent with studies on other devices'’,
ML of I, failures was reciprocally related to the humidity level, and
bias substantially enhanced the degradation rate. However, the mech-
anism of failure was surprising. Scanning electron microscopy of failed
devices revealed that the n-type InGaAs, in the vicinity of the p-n
junction, was severely etched. It was postulated that when moisture
penetrated the dielectric and bridged the p-n junction, rapid electro-
chemical oxidation of the n-type semiconductor occurred which dam-
aged the junction, effectively shorting the device. From the humidity
data, the critical concentration of moisture at the p-n junction which
phenomenologically resulted in device failure was calculated. From the
observed time dependence of failure, the corresponding critical am-
bient moisture level was estimated to be ~3 X 10° ppm. Consequently,
this failure mechanism is eliminated in the hermetic packages used in
SL applications, as the entrapped moisture level is <10 ppm.

4.4 Temperature cycling

Initial temperature cycling tests of first-generation photodiodes,
which used plated p-contacts, revealed an alarmingly high failure level
resulting from wire bond opens. For example, 10 percent of the diodes
developed open bonds at the p-contacts after 10 cycles from —55° to
125°C. Bond adherence was substantially improved with the introduc-
tion of evaporated contacts. Thus, in 406 receiver photodiodes that
were similarly cycled, only two opens developed and no failures devel-
oped in 296 monitors. The low incidence of bond failure results from
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the fact that the wires are not subject to mechanical constraint in the
hermetic packages used here, but it might be the case in a molded or
filled package. In the course of this study we found that the thermal
cycling can induce significant increases in dark current in ~10 percent
of the devices, providing a means of screening out flawed devices. The
increase in dark current is presumed to arise from thermally induced
stress at the InGaAs-SiN, interface.

V. PURGE: A MEANS OF ELIMINATING EARLY FAILURES AND
IDENTIFYING WEAK DEVICES

It is common with various semiconductor devices to use a high-
temperature “burn-in” at the maximum-rated bias to eliminate early
failures associated with a freak population of devices in which the
failure mechanism is thermally activated. For the burn-in to be effec-
tive, the ML of the freak population must be orders of magnitude
smaller than the main population, so that the burn-in can be long
enough to eliminate (fail) the freak devices without adversely affecting
the life of the main population. Figure 3, however, shows that at 200°C,
a burn-in of 500 to 1000 hours is needed to eliminate freaks. Such a
burn-in is prohibitively long and will significantly shorten the useful
life of the remaining devices (ML = 4000 hours). Because of the
sudden-failure characteristic, initial degradation rate cannot be used
to identify early failures. Finally, a conventional burn-in does not
identify flawed devices which may fail by very low activation energy
mechanisms.

In Section 3.2, we showed that overvoltage provided a nonthermal
means of accelerating photodiode degradation. We have determined
that a combined stress of high temperature and overvoltage provides
an effective purge for failing freak devices and for identifying flawed
devices which would likely fail early in the TAT-8 life cycle.!® Ideally,
the purge will result in a population of robust devices that will meet
or (more likely) exceed the reliability expected of the main population.
To evaluate a trial purge, photodiodes are subjected to a relatively
short but strong purge. Weak devices will tend to fail as a result of
the purge. For the survivors, the change in I; provides a useful measure
of device stability, which is then used to eliminate additional weak
devices. The efficiency of the purge is judged by life testing (high
temperature but normal bias) all of the survivors and comparing the
early failures in the life tests with those identified in the postpurge
measurements.

Figure 7 is a histogram of the change in I, for 33 receiver photodiodes
following a 10-hour, 200°C purge at a 2X overvoltage. The purge was
sufficient to result in four failures. In general, reverse-bias aging at
elevated temperatures results initially in a decrease in I, perhaps as

874 TECHNICAL JOURNAL, MARCH 1985



15
- PURGE: 200°C, —20 VOLTS, 10 HOURS

o I

o 10+

i —

[a] —

s L FAILED

« DEVICES ™~

w [— N\,

© 5 | \

3 REJECT |

z -———
= l IREJECT
B 12 | -
01113|||.|6|3|[2_4||||?||11|||11|3_2],,,
~20 -10 0 10 20 30 40

CHANGE OF /, IN NANOAMPERES

Fig. 7—Histogram of change in I, for receiver photodiodes following a 200°C purge
at 2X overvoltage.

100

50

25

20

15

Ay, AFTER PURGE IN NANOAMPERES
=

I

T YY) Tooo

30
2500 00
18 28 5 :
PURGE: 200°C :
o —20 VOLTS I
32 10 HOURS :
9
)
24
o
3
g o
—_— J REJECT
(b 00 o
o
: °°°
—_ REJECT
o ) o MAXIMUM 7, FOR SL~_
12 13 N
I ] ] ] ] \1

5 10 15 20 25 40
I, AT ¢t =0 IN NANCAMPERES
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a result of stress relief or “stabilization.” However, in Fig. 7 we see
that several devices show significant increases in I;, while several
others show a higher than nominal reduction in I,. Large changes in
I, both positive and negative, are considered to be characteristic of
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unstable devices, and consequently those devices should be eliminated.
In the histogram these devices are identifed with the device number.
Figure 8 shows the change in I; resulting from the purge as a function
of initial I,. Weak devices, identified in the purge, are indicated with
the device number. While there is some tendency for high I, devices
to exhibit the largest change in I, there are numerous exceptions. On
the other hand, most devices for which I, is initially greater than 10
nA are culled out in this purge. This result, however, is not general.
Consequently, purge yield is not strongly correlated to the initial value
of I,. Similarly, purge yield is not correlated to initial Vgg, although
devices with very low Vggr (<10V) are likely to fail.

Figure 9 shows I, of the purged population (excluding devices that
failed) after 1900 hours of life testing at 200°C and Vr = 10V. The
numbered devices are those identified as weak devices in the purge.
Note that two of these identified devices failed in the life test, at 310
hours (device 24) and 600 hours (device 32). Also, identified devices 9
and 13 are nearest to failure, i.e., have the highest dark current.
Consequently, the purge at 2X overvoltage appears to fail successfully
the weakest devices and to identify for removal devices that subse-
quently fail early. The remaining devices are the most robust portion
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of the main population. This is confirmed by Fig. 10, which gives the
failure distribution after extended (7-10° hours) life testing of the
robust devices (not numbered in Fig. 9) that were identified by the
purge. Shown for comparison are unpurged devices. The dramatic
reduction in early failures for the purged devices is evident.

One of the drawbacks of the aforementioned trial purge is the lack
of wide separation between some of the weak devices and the robust
main population. For example, in Fig. 7, devices 12 and 13, and 3 and
6, appear to be part of the tails of the main population. One expects
that a purge at higher overvoltage may induce greater changes in I; in
weak devices, thus providing the desired spread. Tests at 3X overvol-
tage look promising. Figure 11 is a histogram of the change in I, for
receiver photodiodes following purge. Figure 12 is the corresponding
histogram of I, following a subsequent 1800-hour life test. Although
the sample size is small, it appears that the stronger purge results in
two distinct populations, viz., failed devices and robust devices. Note,
for example, comparing Figs. 9 and 12, that after 1800-hour life testing,
the purge survivors show less spread in I; for the stronger purge. In
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fact, Fig. 13 shows that the change in I, after the 1800-hour life test
is uniformly small for the strong purge, suggesting that the survivors
are robust devices.

Additional experiments have been performed to establish optimum
purge conditions. Figure 14 summarizes the effect of increased over-
voltage, at constant temperature, on receiver photodiode failures. As
the overvoltage is increased, the fraction of devices that are failed by
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the purge increases and the fraction of devices that fail a subsequent
life test (initially) decreases. However, for the highest overvoltage, the
failure level increases rapidly, indicating that “good” devices are being
damaged. This is borne out by the corresponding increase in life test
failures. Note also the increase in the total (purge plus life test) failure
level. The results in Fig. 14 suggest that a 200°C purge at 30V (3X
overvoltage) is near optimum for our receiver photodiodes. Similar
studies are in progress for monitor photodiodes.

V1. CONCLUSIONS

Testing of planar InGaAs photodiodes under a variety of accelerated
conditions reveals that increased dark current is the only detected
failure mode. High-temperature aging results to date indicate that, for
receiver photodiodes, a device design exists (main population of fail-
ures) that is predicted to be consistent with a 1-FIT reliability objective
at TAT-8 operating conditions. High reliability (<30 FITs) is expected
for monitor photodiodes of similar design. Moreover, a purge using a
combination of accelerants (temperature and overvoltage) has been
developed, which has considerable promise of eliminating flawed or
weak devices that would otherwise fail early in the TAT-8 life cycle.
Extended life tests verify that the purge survivors are the most robust
devices. Consequently, purge testing coupled with appropriate inspec-
tion and thermomechanical screening is expected to provide a means
for assuring that the selected devices have a high probability of meeting

TAT-8 reliability objectives.
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