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Abstract

Metallurgically bonded, glass-bodied DO-35 power rectifier diodes were electrically overstressed by applying forward and reverse current pulses. Forward current pulses varied from 0.1 to 3 ms with current amplitudes varying from 200 to 1000 A were applied to one group of diodes.  Reverse bias current pulses in the microsecond range with amplitudes from 2 to 400 mA (above breakdown voltage) were applied to another group. A small-step cross sectioning in combination with electrical probing, light emission microscopy, liquid crystal technique, and chemical staining were used to reveal and compare damage in three groups of diodes: two overstressed groups and the third group which had failed during burn-in electrical testing.

Failure mechanisms and peculiarities of damage created in these diodes and several case histories related to different types of diodes are discussed.

Introduction

Metallurgically bonded double plug non-cavity silicon diodes encapsulated in glass (type DO-35) are widely used in military and aerospace applications.  In spite of a relatively simple design, these diodes have a large proportion of failures during destructive physical analysis (DPA) compared to microcircuits.  Analysis of DPA jobs performed at the GSFC Parts Analysis Laboratory in 1999 shows a failure rate of 15% for diode jobs, compared to 11.5% for microcircuits.  Similar results were reported by T. Devaney at Hi-Rel Laboratories, [1] where the DPA failure rate for diodes was 44% compared to 33.1% for microcircuits.  In typical military and aerospace applications, diode failures occur approximately three times more often (relative to the population of the system) than microcircuit failures [2].  In many cases, failure is due to electrical overstress and the failure analyst is challenged to find the damage site and determine the conditions causing the failure.

Extensive analysis has been performed on secondary breakdown in diodes and transistors and the physical mechanism of this phenomenon is well-understood [3].  Heat flow analysis is widely used to estimate failure conditions for devices damaged during EOS/ESD events [4, 5].  However, in most diode failures described in technical literature, failure analysis was not performed, and the relationship between overstress conditions and the location and appearance of damage has not been adequately investigated.  

In this study, short pulses of forward and reverse current were applied to typical power rectifier 1N5811 diodes in order to simulate overstress conditions.   Failure analysis was then performed on diodes in three failure categories: reverse current overstressed, forward current overstressed, and diodes which failed during burn-in testing.  The peculiarities of damage sites for these groups of diodes and their corresponding failure mechanisms are discussed.  Case histories relating to other types of diodes are considered.

Diode design

A typical DO-35 diode (bonding Category I) is constructed of two metallurgically bonded nickel/silver-plated tungsten (or molybdenum) slugs and a thermal compression glass seal sleeve.  During metallurgical bonding silver forms a eutectic alloy with the silicon die at 837 (C, dissolving part of the silicon.  The glass sleeve is then placed over the slug-die-slug assembly and heated to approximately 800 (C, causing the glass to flow.  During controlled cooling the glass fills the voids, forms intimate contact with the die, and makes a strong thermal compression bond.  

Failure simulation and conditions

Forward bias EOS simulation.  A FEC surge tester, model PLS 1000S, was used to overstress diodes with forward current pulses ranging from 200 A to 1000 A with pulse durations of 0.1 to 3.0 ms.  Amplitude of the pulses was increased in 20 to 50 A increments for 3.0 and 1.0 ms pulses and in 50 to 100 A increments for 0.3 and 0.1 ms pulses.  Leakage currents and breakdown voltages were measured after each test.  Diodes, which exhibited a change in breakdown voltage of more than ten percent, were considered failures.  Test conditions and results are shown in Table 1 ((P is the pulse duration, VP is the voltage, IP is the current amplitude, and VBRI is the initial breakdown voltage).

Table 1.  Forward current EOS test conditions and results.

	SN
	(P,
ms
	IP,
A
	VP,
V
	VBRI ,
V
	Test
result

	1878
	3
	275
	2.3
	221
	Short 0.3 (

	2700
	3
	260
	2.25
	211
	short 0.1 (

	1871
	1
	400
	3
	221
	short 0.1 (

	1872
	1
	280
	2.3
	210
	VBR=195 V

	1873
	1
	300
	2.35
	217
	VBR=140 V

	1874
	0.3
	560
	3.5
	220
	VBR=200 V

	2699
	0.3
	620
	4
	214
	VBR=195 V

	1869
	0.1
	1000
	5
	218
	VBR=70 V

	1870
	0.1
	800
	4.5
	231
	VBR=207 V


It was found that overstress pulses of relatively large duration caused hard short-circuit failures of less than 1 Ohm resistance, whereas pulses less than 1 ms resulted in a softening of the reverse I-V curves and in a decrease in breakdown voltage.  Pulses of less than 0.1 ms should cause failure at currents of more than 1000 A.  However, this condition can not be simulated due to the induced voltage caused by the part inductance.  With an inductance of the leads, L, of approximately 10 nH, the current pulse would have caused a voltage drop on the leads of VL = - L(dI/dt, which yields much more than 0.1 V.   This value is in the same order of magnitude as the forward voltage drop of a P-N junction.

Reverse bias EOS simulation.  The diodes in this group were stressed with voltage spikes of 1 to 3 (s of duration, created by switching current through a variable inductor.  The power supply voltage was superimposed on spikes and the avalanche breakdown current was varied from 2 to 400 mA.  After each pulse I-V curves were measured to check for evidence of degradation in the diode. 

All overstressed parts failed avalanche breakdown pulses ranging from 10 to 200 mA (see Table 2).  The failed diodes had soft I-V curves with an effective dynamic resistance (at 0 V) varying from 1 to 30 kOhm.

Burn-in failures.  Several diodes failed during the high temperature reverse bias (HTRB) test (VR = 150 V, T = 150 (C, t = 48 hrs) and dynamic burn-in (DBI) test (IF = 3 A, VR = 150 V, T = 25 (C, f = 60 Hz, t = 168 hrs).  The short circuit resistance of the failed diodes varied from ohms to kiloohms (see Table 3).

Table 2.  Reverse voltage EOS results.

	
SN
	(P,
(s
	IP,
mA
	VP,
V
	Test
result,
Reff, k(

	464
	1
	20
	222
	2.1

	97
	2
	100
	217
	5

	844
	3
	200
	222
	3

	613
	2
	50
	213
	1.3

	608
	1
	10
	218
	2.7

	607
	1
	30
	224
	2.2

	602
	2
	100
	220
	30

	603
	2
	150
	224
	1.3


Table 3.   Burn-in Test Failures.

	SN
	Conditions
	R, Ohm

	80
	HTRB
	1.8

	96
	HTRB
	7.7

	327
	DBI
	12.2

	717
	DBI
	21.5

	723
	DBI
	2.3

	1060
	DBI
	12.9

	1061
	DBI
	2,170


Failure analysis

Technique.  The parts that failed due to short circuit were cross sectioned along the lead plane using a high-grit (#1200 - #2400) silicon carbide paper followed by fine cloth polishing.  Up to 16 cross-section planes, each separated by 20-40 microns, were examined per part approaching the damaged site.  Each cross sectional plane was electrically probed to ensure that the damage site had not been passed and examined under high power optical microscope for any evidence of damage.  Liquid crystal technique and/or light emission microscopy were used on the cross sections in order to determine the damage location.  These techniques are illustrated in Figures 1 and 2.  

In many cases for the parts failing due to softened I-V curves and/or reduced breakdown voltages, damage was determined to lie on the die surface.  The approximate location of the damage was found by observing the diode under reverse bias (with the paint removed) using a light emission microscope.  Attempts to approach the damage site by etching through the encapsulating glass, failed.  The reverse current in these diodes was significantly reduced after etching, indicating that the damage had been etched away.
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Figure 1.  Liquid crystal technique was used to localize damage (a) in SN 723 which failed during DBI testing with a resistance of 2.3 (.  A tiny Ni/Ag inclusion (b) is seen only at high magnification and could easily be passed unrecognized without the use of the LC technique.  A sequence of three stained cross-sectional views (c, d, and e) show changes in the appearance of the damage site at consecutive planes separated by a 10-second grinding using grit # 2400 grit silicon carbide paper.
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Figure 2.  A light emission image (a) and the corresponding optical view of the cross-section (b) in SN1061 which failed with a resistance of 2.2 k(.  Note that the emission spot does not correspond to the cracks (an artifact of cross sectioning) which are usually considered a prime cause of junction breakdown.  This suggests that cracks are not necessarily the weakest sites in the P-N junction.

The following technique has been used successfully for similar samples.  First, the light emission microscope (LEM) is used to identify an approximate location of the damage and properly orient the diode for cross-sectioning.  Next, the glass is partially ground away allowing better observation of the diode surface.  Then the LEM is used again to pinpoint the failure location.  Finally, the remaining thin layer of glass is removed using hydrofluoric acid.  The removal process is monitored periodically in order to avoid over-etching.  When completed, the diode surface is examined using a SEM.  Figure 3 illustrates this technique.

Forward bias EOS failures.  All tested parts were cross-sectioned.  Damage sites were found in 7 out of the 9 diodes as illustrated in Figures 4 and 5.  In all cases, the failures were due to localized heating, melting and re-solidification of silicon.  Sites of re-crystallized silicon in diodes failing due to 1 and 3ms pulses had rounded shapes with diameters of approximately 100 – 250 (m, and were located in the center of the die, extending across the whole thickness of the die ((200 (m).  

For such a site to exhibit a short circuit resistance less than 1 Ohm, the specific resistance of the recrystallized silicon would have to be less than (0.5-3)(10-4 Ohm*m, which would only be possible at extremely high doping levels with a concentration of more than 1019 - 1020 1/cm3.  More probable that the hard short circuit conditions are caused by a web of silver alloy found shorting the slugs on opposite sides of the die.  Due to the very low resistance of silver (1.49(10-8 Ohm*m), a strand of wire 200 (m in length and with a diameter of only 1.7 (m would be sufficient to provide a resistance of 1 Ohm.  With a thickness of several micrometers of silver plating on the slugs, the amount of silver which would have to be consumed to cause a hard short is negligibly small compared to the volume available.
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	a)  Diode with the glass partially ground off.
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	b)  Light emission in the diode shown above.
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	c)  An arrow indicates the damage site found after grinding and etching of glass.
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	d)  Close-up of the damage on the mesa surface.  (90( rotation)


Figure 3.  Application of light emission microscopy for surface damage.  This diode, SN 613, failed with a soft I-V curve (R ( 1.3 k().
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Figure 4.  Damage in SN 2700 which failed a 3 ms, 260 A forward bias EOS and subsequently exhibited resistance of less than 1 (.       ((400X)
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Figure 5.  Damage in SN 1871 (a) failed hard short circuit (R < 1 () during forward current EOS test at 1 ms, 400 A.  Figure 5 b shows structure of the re-crystallized silicon with silver alloy at silicon grain-boundaries.

Softening of the I-V curves, which was the cause of failures for pulses of less than 1 ms, was the result of relatively minor damage to the P-N junction caused by a small re-cristallized area at the mesa–slug interface (see Figure 6).
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a)  Damage in SN 1870 failed at 800 A with a decrease in breakdown from 231 V to 207 V.
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b)  SEM view of the damage in SN 1869 which failed at 1000 A as the breakdown decreased to 70 V.


Figure 6.  Damage in diodes exhibited a soft I-V curve after the 0.1 ms forward current EOS test.

Reverse bias EOS failures.  Figure 7 shows a typical view of damage found in diodes which failed due to reverse voltage spikes.  In all cases the damage was located on the mesa surface and consisted of a melted silicon/nickel/silver alloy with a size of 5 to 20 (m.  In two cases the damage was also associated with a chip-out on the die surface.  However, the chip-outs were probably a result of the failure rather than its cause, because cracks are often associated with the melting and re-solidification of a small volume of silicon.  

Burn-in failures.  All damage sites in diodes that failed during burn-in testing were localized within the bulk of the P-N junction area and consisted of re-solidified or polycrystalline silicon spikes of 5 (m to 30 (m dimensions (see Figures 8 and 9).  In some cases these polysilicon spikes had inclusions of Ni/Ag alloy which was obviously liberated in a separate phase during re-solidification.  The polycrystalline silicon spike were enriched with phosphorous diffused from the P+ area across the junction during local overheating.  This might decrease the junction resistance into the range of ohms or kiloohms which, in fact, was measured on the failed diodes.
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a) Location of the damage
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b) Close-up of the area shown above (90( rotation).


Figure 7. Typical damage in diodes (SN 608) failed during the reverse current spike EOS test at 1 (s, 10 mA with a soft I-V curve (effective resistance 2.7 k().

Failure mechanisms

Forward current pulses.  To simulate the heat transfer process during forward current pulses let’s consider a symmetrical silicon die of thickness 2d (d = 100 (m) and an area S (S = 2.3(10-6 m2) with a thin P-N junction located at its middle.  At relatively low forward current, heat is generated (with power density Q = IFVF/S) primarily in the junction area and flows towards the die-slug interfaces which are assumed to be at room temperature.   At high current densities the voltage mostly drops in the bulk of the silicon and heat is generated evenly over the volume of the die with a power density of IFVF/(2dS). 

Solutions to both heat problems in the one-dimensional case are governed by two parameters: the maximum increase in the temperature at the die center, (TMAX, and the characteristic time of the heat process, (.  Temperature increase in the die center with time can be described by the following equation [6, 7]:
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a2 is the thermal diffusivity, a2 = (/C(, 
( is the thermal conductivity, 
C is the specific heat, 
( is the specific density of silicon.
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   for the junction heat generation model;
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   for the over-die volume heat generation model.
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Figure 8.  Damage in SN 80 failed HTRB test with short circuit resistance of 1.8 (.  Figure 8a shows an optical view of a Ni/Ag inclusion after polishing and Figure 8b shows a SEM view after chemical staining.

The temperature variations with time for these two models are similar and in both cases the steady state condition is reached at t ( 3(.  In the temperature range from room temperature to silicon melting point (Tm=1690 K) the thermal conductivity of silicon varies from 150 to 16 W/m-K (estimations per[5]) and the characteristic time increases from 0.046 ms to 0.62 ms.  This means that the steady state temperature distribution across the die occurs in less than 1.8 ms.  The minimum power necessary for the junction area to reach the melting temperature in 1.8 ms, is 900 W which corresponds to a forward current of approximately 300 A.  Obviously, the diodes could fail at lower currents with much larger pulses (probably more than 10 ms) when the temperature of the slugs would increase significantly.  But in this case overheating of the whole diode would be expected with corresponding indications of darkening and charring of the paint.
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Figure 9.  A sequence of three cross section views showing melted silicon spikes in diode SN 1060 which failed DBI test with a resistance of 12.9 (.  A 10-second polishing using grit # 2400 carbon paper separated the three cross section planes.

In order to melt silicon in less time than 3(, more power and, correspondingly larger amplitudes would be required for the forward current pulse.  A calculation of the time necessary to cause melting in the junction area versus the amplitude of the forward current pulse, is plotted in Figure 10.  The data obtained during the forward current EOS experiments corresponded reasonably well to the calculations.  The center location of the damage revealed in most forward-bias overstressed diodes also agrees with the model.

The Wunsch-Bell model [4], which is based on a simplified semi-infinitive heat transfer calculation, gives the following expression for the temperature rise caused by a pulse duration t:
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This model was expected to concur with the experimental data only for short pulses. However, the data fits this model across the whole range of pulse durations (see Figure 10).
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Figure 10.  Calculated and experimental time-to-failure during the forward current EOS events.

Due to the mesa design, the top surface of the die has less area than the base.  This part of the die has an epitaxial layer, with higher resistance than the silicon substrate.  Both factors increase the heat generation on the top part of the die (mesa).  In addition, possible irregularities in the contact resistance of the mesa-slug interface increase local current density and local heat generation at the interface.  This explains the location of damage at the mesa-slug interface with currents  of more than 500 A. 

Reverse voltage spikes.  All the diodes which failed the reverse spike test exhibited damage on the mesa surface of the P-N junction, indicating a surface breakdown phenomenon.  Surface breakdown usually starts at an area on the mesa where the electric field in the depletion layer of the P-N junction is high due to a structural, doping, or surface charge density irregularity.  Breakdown starts as an electrical avalanche and then transfers to a secondary or thermal breakdown provided the area of the breakdown is small enough and the heat dissipation is limited (in this regard the surface location of the damage is more favorable than the in-bulk location).  Breakdown would result in local silicon melting and junction failure. 

The energy required to cause such damage can be estimated by determining the energy necessary to melt silicon of a volume V:
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   where CF is the specific heat of fusion;
              Ta = 25 (C - ambient temperature.

Using a volume of 53 to 103 (m3, the equation yields an energy of 0.9 to 7 microjoules.  However, due to energy losses, the electrical energy dissipated in the diode would be greater than the calculated value.  The actual energy, Ed, dissipated in the diode during the spike test is:
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where VBR – is the breakdown voltage (210 –230 V);
            ISP – is the spike current (10 – 200 mA);
           (SP – is the spike width (1-3 (s).

This calculation yields a dissipated energy of 2.1 to 69 microjoules which is in reasonable agreement with the previous calculation considering energy losses of 60 to 90%.

Burn-in failures.  The in-bulk location of the damage indicates that the failures were not related to the high voltage spike phenomenon which caused surface breakdown, as discussed above.  However, the small dimensions of the damage sites (approximately 5-10 (m) suggest nearly instantaneous, adiabatic local overheating during a breakdown event.  

Although the details of the failure mechanism are not clear, it is conceivable that irregularities between the die metallization and P-N junction (e.g. deep charge traps associated with crystal imperfections or microcracks) occurred during manufacturing.  Such defects would be small enough to not initially affect the characteristics of the diode.  However, high temperature and a strong electric field in the diode base during burn-in tests would gradually increase electrical irregularity within the junction area (for example, by slow charge trapping), eventually degrading the diode to the point that local breakdown could occur at approximately 150 V.  The relatively shallow location of the P-N junction in these diodes allows structural defects (microcracks) at the mesa-slug interface come close to the junction.  

Case histories.

Transient voltage suppressor (TVS).  The 1N6475 TVS diode failed with a short circuit resistance of 0.5 Ohm due to a reverse voltage spike estimated to have an amplitude between 50 and 200 V.  Subsequent failure analysis revealed that the damage site was quite similar to those observed during the forward current EOS simulations (see Figure 11).  This similarity is credible because TVS parts are designed to prevent local breakdown and the heat processes in these parts should be similar for both reverse and forward bias overstress conditions.  Simulations showed that a short reverse voltage pulse in the millisecond range with an amplitude of more than ten of amperes was capable of causing similar damage.  Similar to forward current EOS failures, the damaged area of the TVS devices had dimensions of approximately 100 to 200 (m and consists of a re-crystallized silicon threaded with a silver alloy web.

The in-bulk location of damage in TVS diodes overstressed with microsecond pulses was reported in [8].  The millisecond range pulses caused electrode metals fusing into the silicon.
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Figure 11.  Damage in the failed TVS, PN 1N6475, due to a reverse voltage pulse has an appearance similar to the forward current EOS failures (see Figures 4 and 5).

Schottky diodes.  Several Schottky diodes used in the output circuit of a hybrid DC-DC converter failed during external synchronization tests. 

In all cases, damage was located in the bulk of the die and had dimensions of 70 to 100 (m.  The damaged areas (see Figure 12) exhibited small inclusions of metal alloy (mostly lead, which was applied above the molybdenum metallization) and were threaded with microcracks.  This indicates that the damage occurred during local silicon melting and the formation of a liquid silicon alloy with contact metals.  The subsequent re-crystallization of silicon resulted in phase separation, the formation of metal inclusions and of a net of microcracks.  
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Figure 12.  Typical damage in the output Schottky diodes used in a hybrid DC-DC converter and failed during external synchronization tests.  Insert shows location of the damage.

Calculations showed that to cause similar damage an energy of more than 0.7 to 4.2 mJ is required.  However analysis showed that the energy, which could be delivered by a spike in the converter is approximately 75 (J, which is almost two orders of magnitude less than the estimated required energy.

This discrepancy can be explained as follows.  Initially, a reverse voltage spike above the breakdown voltage of the diode and with an energy of approximately 50 to 100 (J will cause a relatively small damage (within a few micrometers) in the diode.  This damage would result in a short circuit condition in the DC-DC converter.  Subsequent operation of the converter after the breakdown event would cause additional overstress in the failed diode and dissipate several watts of power in the damaged area thus increasing its size.  

Cracked rectifier.  Several 1N5554 diodes cracked during electrical testing.  Similar cracking occurred for parts overstressed with a forward current pulse at 1 ms and 300 A.  Examination showed that cracking occurred as a result of the silicon melting in the center of the die (see Figure 13).  The central location, rounded shape of the damage and the presence of a silver web embedded into the re-solidified silicon are all typical for high forward current EOS events.
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Figure 13.  Diode 1N5554 fractured along the die during a 1 ms forward current pulse of 260 A.  Insert shows the structure of the re-crystallized silicon with a silver alloy along the grain surface.
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Figure 14.  Damage in the short-circuited 1N4153 diode.

Fast switching diode.  One 1N4153 low power diode (0.5 W) failed with a short of 10 Ohms.  The damaged site (see Figure 14) exhibited a filament-like area of re-crystallized silicon threaded with a silver web extending across the central area of the die between the silver button and the backside metallization.  The appearance of the damage suggests that the in-bulk breakdown occurred during a reverse voltage spike in the microsecond range at approximately 130 V and a current amplitude of more than 10 A.

Conclusions

1. Small-step cross-sectioning technique in combination with electrical probing, light emission microscopy, liquid crystal technique, and chemical staining was successfully used to reveal damage in the failed metallurgically bonded diodes.

2.  In all cases damage to the diodes was caused by local overheating above the melting temperature of silicon.  Depending on the dissipated power and the pulse duration the overstress caused changes in the characteristics of the diodes varying from a hard short circuit with a resistance of less than 1 Ohm, to a subtle increase in the leakage current and/or decrease in the breakdown voltage that might not exceed the specification limits.

3.  Hard shorts in the diodes with a resistance of less than 1 Ohm were caused by a three-dimensional web of silver alloy with a thickness of approximately 0.1 (m which was formed across re-crystallized silicon, shorting the terminals of the diode.  Shorts with a resistance from several ohms to kiloohms were caused by the re-solidification of melted silicon/silver/nickel alloy within the P-N junction area.  Softening of the reverse I-V curves was due to damage a few micrometers in size with only minor disruptions in the P-N junction area.

4.  Relatively large forward current pulses of more than 1 ms and less than 400 A resulted in smooth, sphere-like damage with a size of 100 to 250 (m, located mostly in the central area of the die.  Shorter, but higher amplitude pulses caused damage of 25 to 100 (m located at the mesa-slug interface.  Heat transfer simulations showed that failures due to forward current pulses in the millisecond range are due to fundamental thermal properties of silicon and are not related to possible minor irregularities in the junction and/or metallization contacts.  The Wunsch-Bell model can be used to estimate conditions of the forward bias EOS events.  

5.  The appearance of damage in TVS diodes overstressed by reverse voltage pulses in the millisecond range, is similar to diodes overstressed with forward current.  This suggests a similarity in the heat transfer mechanisms in these diodes during forward and reverse voltage EOS events.

6.  Short reverse voltage spikes of 1 to 3 (s duration above the breakdown level, and with a current of 10 to 200 mA in amplitude, resulted in surface breakdown and exhibited damage at the mesa-glass interface.  The damage consisted of melted silicon with dimension of 5 to 20 microns and caused a softening of the reverse I-V curves and a decrease in the breakdown voltage.  

7.  The diodes which failed during burn-in testing had relatively high short circuit resistance measured in kiloohms, caused by a small volume of melted and re-crystallized silicon/silver/nickel alloy measuring 5 to 10 (m in the bulk of the diodes.  The small amount of damage initially caused in diodes by a short, microsecond range reverse voltage spike can be significantly enlarged providing a sufficient current follows through the weakened site once the initial failure has occurred.
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