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(ABSTRACT)

The objectives of thisinvestigation are to develop a precise, non-destructive single
crystal stress measurement technique, develop a model to explain the phenomenon
known as “power slump”, and investigate the role of device processing on wafer

breakage. All three objectives were successfully met.

The single crystal stress technique uses a least squares analysis of X-ray diffraction
datato calculate the full stresstensor. In thisway, precise non-destructive stress
measurements can be made with known error bars. Rocking curve analysis, stress
gradient corrections, and a data reliability technique were implemented to ensure that

the stress data are correct.

A theory was developed to explain “power slump”, which is arapid decrease in the
amplifying properties of microwave amplifier circuits during operation. The model
explains that for the particular geometry and bias configuration of the devices studied
in this research, power slump is linearly related to shear stress at values of less than 90
MPa. The microscopic explanation of power slump is that radiation enhanced
dislocation glide increases the kink concentration, thereby increasing the generation
center concentration in the active region of the device. These generation centers
increase the total gate current, leading to a decrease in the amplifying properties of the

device.



Passivation layer processing has been shown to both reduce the fracture strength and
increase the residual stressin GaAs wafers, making them more susceptible to wafer
breakage. Bare wafers are found to have higher fracture strength than passivated
wafers. Bare wafers are also found to contain less residual stress than SION passivated
wafers, which, in turn, are found to have less stress than SIN passivated wafers.
Topographic imaging suggests that SiN passivated wafers have larger flaws than SION
passivated wafers, and that the distribution of flaw size among SiN passivated wafers
iswider than the distribution of flawsin SION passivated wafers. These flaws are
believed to lead to breakage of the device during processing, resulting in low

fabrication yield.

Both the power slump model and the wafer breakage data show that these phenomena
are dependent on residual stress developed in the substrate during device fabrication.
Reduction of process-induced residual stress should therefore simultaneously decrease

wafer breakage rates and reduce power slump during device fabrication and operation.



TABLE OF CONTENTS

INTRODUCTION ..ottt ettt et sr e st sb e sar e sas sabeesare e sreesreesneesnnesne e 1
STATEMENT OF THE PROBLEM .....ooiiiiiiii e e s 1
POWER SLUMP ...ttt st s b et en e e san e sanee s 2
WAFER BREAKAGE ... .ot 2
OBJECTIVES OF THE RESEARCH ...ttt e e e s 2
SCOPE OF THE RESEARGCH ...ttt sttt sttt sneere e 3
MESFET DEVICE PHY SICS ...t e ettt sree e nnee e 5
MESFET BASICS.....o e e et e ss e r e e bt e e e sne e e nes 5
MESFET FABRICATION. ..ottt s n e s nee s 6
MESFET GEOMETRY and DEVICE OPERATION ......ccooiiiiieiieiieieeiee et 9
SCHOTTKY BARRIER GATE CONTACT ..ottt et e 10
GENERATION CURRENT ...ttt et et e sne e s nes 15
CHAPTER REFERENCGES .........oooiiiti ittt et ettt sreesane e snneene s 20
X-RAY TOPOGRAPHY ..ottt ettt et sreesbe s sr e san e ares 21
X-RAY TOPOGRAPHY METHODS ...ttt e e e 22
THE BERG-BARRETT METHOD ..ottt 22
LANG METHOD......ciitiiiiie ettt s e s b e e sb e e bn e e san e san e 24
THE BORRMANN METHOD ...ttt s s 26
LAUE IMAGING......ootieiie ettt b e sb e e e e san e san e 26
THE LAUE TECHNIQUE ... ..ot s e e e 27
DEPTH OF PENETRATION CONSIDERATIONS FOR TOPOGRAPHIC IMAGING IN G AAS...... 30
LINEAR ABSORPTION ....ooiiiiiiiiiiiie ettt ettt st sin e sne e s sane e s e san e e nans 30
ATTENUATION ...ttt s s e e s saa e s e e sr e e s n e e sne e s 33
FLUORESCENCE .......oooitiiitie et sin e sb e e san e e san e e sen e e nan s 36
CHAPTER REFERENCGES .........oooii ittt e et sreesane e nnneenes 36
THEORIES AND EQUATIONS OF STRESS ........oooiiiiiiiieci s s e 37
MACROSTRESS DUE TO BENDING MOMENTS .....ooiiiiiiiiiieiii e s e 37
STONEY FORMULA ...ttt et r e n s s snee s nrne e 39
ROLL’SEQUATIONS OF BENDING PLATE STRESS.........ceuiiiiiiieieeteresesesesesesesesessssssssssses s 42
FILM-EDGE STRESSES. ....... .ot et e e 46
NORMAL STRESS ... .ottt e e b e e e e e san e e en e e nans 49
NORMAL STRESSDISTRIBUTION NEAR THE GATE .....oiiiii e 51
SHEAR STRESS ... ettt b e e e sar e s n e sar e 52
VERIFICATION OF THE STRESS COMPUTER MODELS ........cooiiiiiiiiee e 54
CHAPTER REFERENCGES .........oooii ittt s ettt s sreesine e nnneene s 55
SINGLE CRYSTAL X-RAY STRAIN MEASUREMENTS .....coooiiiiiiiiec e 56
ASSESSMENT OF CRYSTALLINE QUALITY .ottt e e 59
EXPERIMENTAL DESIGN FOR STRAIN MEASUREMENTSIN SINGLE CRYSTAL G AAs....... 64
DATA ACQUISITION (AN EXAMPLE) ..ottt et et e 67
DETERMINATION OF DATA RELIABILITY oot e e 69
STRESS GRADIENT CORRECTIONS ...ttt et e 70
CHAPTER REFERENCGES .........oooii it e ettt s sreesene s nnneene s 71
DISLOCATION MOTION IN GAAS ...ttt et et s 73



DISLOCATION STRUCTURES IN GAAS. ..ottt sttt st s 74

DISLOCATION MOTION IN GAAS. ...ttt sttt e b sres rs 75
STRESSEFFECTSON THE EFFECTIVE PEIERLSBARRIER........coociiiiiiiic e 75
KINK FORMATION AND MOTION IN GaAS........ccoiiiiiiiiiiierrie sttt 77
DOPING EFFECTS ON DISLOCATION VELOCITY ...ttt 80

RADIATION ENHANCED DISLOCATION GLIDE .....cciiiiiiiiiiieeienie st s 82

CHAPTER REFERENCGES .........oooii ittt e sttt s s sreesine e nnneenes 84

POWER SLUMP MODEL ...ttt sttt et e s sresnessneesnne e 86

EVIDENCE OF GENERATION CENTERSBY IDEALITY MEASUREMENTS .......cccociiiiiiiee 86

RESIDUAL STRESS AND POWER SLUMP .....ooiiiiiiii i et e 91
EXPERIMENTAL DETAILS ...ttt e e e 91
DEVICESNOT EXHIBITING POWER SLUMP ...t 96
DEVICES EXHIBITING POWER SLUMP ......coiiiiii e 99

POWER SLUMP MODEL ..ottt sttt sree st eesaneeseneenees 102

SUMMOARY e e et e e e seare e 109

CHAPTER REFERENCGES .........ooiiii it e et sree e nree e 110

WAFER BREAKAGE ...t et et r s sreessa e sr e e sn e nnne s 111

PROCESS-INDUCED RESIDUAL STRESS ...t e e 111
RES DUAL STRESS ANALYS S OF BARE AND PASSVATED WAFERS.........cccoiiiiiiiieee, 112
MACRO-RES DUAL PROCESSINDUCED STRESS.........cccooiiiiiiiie e 112

FRACTURE STRENGTH OF GAASWAFERS .......oooiiii e e 116
EXPERIMENTAL PROCEDURE ........coooi ittt 116
ANALYS SAND DISCUSION OF FRACTURE TESTS.......cooiiiieeiiecreere e 121

MICROCRACK FORMATION DUE TO FILM EDGE STRESSES ........cccoooviiiieeen e, 128

SUMMOARY e e et e bbb s aane e 132

CHAPTER REFERENCGES .........oooiiitii et e et sree e nnee e 133

CONCLUSIONS AND RECOMMENDATIONS .....ooiiiiiiiiiiitiie s e e 132

CONGCLUSIONS ...ttt s e b s e e s s b e e s b et e are sreesbe e e sreesane e saneeneesane s 132

SINGLE CRYSTAL STRESSTECHNIQUE ......ooiiii e e 132
THE POWER SLUMP MODEL ..ottt s 133
WAFER BREAKAGE ... e 135

RECOMMENDATIONS. ... et et s nn e re e s esane s 136

ACKNOWLEDGMENTS ...t e et e sreesene e srneenes 138

REFERENCE LIST ...t et et sre sreesne e sr e sene e srneenees 139

R O 1RO T T OP TSP 151



FIGURE 2-1:
FIGURE 2-2:
FIGURE 2-3:
FIGURE 2-4:
FIGURE 2-5:
FIGURE 3-1:
FIGURE 3-2:
FIGURE 3-3:
FIGURE 3-4:
FIGURE 3-5:
FIGURE 3-6:
FIGURE 4-1:
FIGURE 4-2:
FIGURE 4-3:
FIGURE 4-4:
FIGURE 4-5:
FIGURE 4-6:
FIGURE 4-7:
FIGURE 5-1:
FIGURE 5-2:
FIGURE 5-3:
FIGURE 6-1:
FIGURE 6-2:
FIGURE 6-3:
FIGURE 7-1:
FIGURE 7-2:
FIGURE 7-3:
FIGURE 7-4:
FIGURE 7-5:
FIGURE 7-6:
FIGURE 7-7:
FIGURE 7-8:

LIST OF FIGURES

STEPSIN MESFET FABRICATION

CROSS-SECTIONAL VIEW OF A MESFET.

TOP VIEW OF A MESFET.

BAND DIAGRAM OF A SCHOTTKY BARRIER.

ENERGY DIAGRAM FOR A GENERATION CENTER UNDER NO BIAS
GEOMETRY FOR BERG-BARRETT TOPOGRAPHY .

GEOMETRY FOR THE LANG METHOD.

GEOMETRY FOR LAUE IMAGING.

IMAGE COMPRESSION OF TOPOGRAPHS

CALCULATION OF THE LINEAR ABSORPTION COEFFICIENT FOR GAAS.
X-RAY TOPOGRAPH SHOWING LINEAR ABSORPTION AND ATTENUATION

GEOMETRY FOR THE BENDING PLATE APPROXIMATION.

NORMAL STRESS DISTRIBUTION IN A WAFER

BIAXIAL STRESSIN A GAAS SUBSTRATEDUE TO A SIN FILM EDGE
BIAXIAL STRESSIN A GAAS SUBSTRATEDUE TO A SIN FILM EDGE
SUPERPOSITION OF NORMAL STRAINS IN GATE-TO-DRAIN REGION.
SHEAR STRESSIN A GAAS SUBSTRATEDUE TO FILM EDGES
TOPOGRAPH OF STRESS FIELDS AROUND DEVICE FEATURES.
DIFFRACTION GEOMETRY FOR ROCKING CURVES.

TYPICAL ROCKING CURVE DATA

TOPOGRAPHIC IMAGE OF TYPICAL SUBSTRUCTURE FOR GAAS.

DISLOCATION STRUCTURESIN GAAS
THE EFFECTIVE PEIERLS POTENTIAL

DISLOCATION MOTION BY KINK PAIR NUCLEATION AND MOTION
GATE CURRENT OF A TYPICAL DEVICE DURING LIFETESTING.
OPTICAL MICROGRAPH OF THE DEVICES UNDER INVESTIGATION.
X-RAY TOPOGRAPH OF UNMOUNTED DIE.

X-RAY TOPOGRAPH OF CIRCUIT AFTER DIE-ATTACH (SIN PASSIVATED).

TOPOGRAPH OF DEVICE FX8; SIN PASSIVATED, NO POWER SLUMP.

TOPOGRAPH OF DEVICE 1019; SION PASSIVATED, NO POWER SLUMP.
TOPOGRAPH OF DEVICE 1076; SION PASSIVATED, NO POWER SLUMP.
TOPOGRAPH OF DEVICE 1077; SION PASSIVATED, NO POWER SLUMP.

Vi

10
12

23
24
27
28
32

38
45
50
50
52
53
54
60
61
63
74
76
78
86
93
94

97
97
98
98



FIGURE 7-9: RESIDUAL SHEAR STRESS & POWER SLUMP 100

FIGURE 7-10: X-RAY TOPOGRAPH OF A LARGE VALUE OF POWER SLUMP. 101
FIGURE 7-11: TOPOGRAPH OF A MEDIUM VALUE OF POWER SLUMP. 101
FIGURE 7-12: TOPOGRAPH OF A SMALL VALUE OF POWER SLUMP. 102
FIGURE 7-13: MEASURED AND PREDICTED POWER SLUMP VALUES. 107
FIGURE 8-1: RESIDUAL STRESSASA FUNCTION OF VARIOUS PROCESSING STEPS 115
FIGURE 8-2: SCHEMATIC OF 3-POINT BEND APPARATUS. 117
FIGURE 8-3: FRACTURE IN BARE GAAS SAMPLES. 121
FIGURE 8-4: FRACTURE IN SION PASSIVATED GAAS SAMPLES. 122
FIGURE 8-5: FRACTURE IN SIN PASSIVATED GAAS SAMPLES. 122
FIGURE 8-6: WEIBULL PLOT FOR BARE GAAS SAMPLES. 123
FIGURE 8-7: WEIBULL PLOT FOR SION PASSIVATED GAAS SAMPLES. 124
FIGURE 8-8: WEIBULL PLOT FOR SIN PASSIVATED GAAS SAMPLES. 124
FIGURE 8-9: SUB-CRITICAL CRACK FORMATION IN A SIN PASSIVATED WAFER 126
FIGURE 8-10: SUB-CRITICAL CRACK FORMATION IN A SION PASSIVATED WAFER. 126
FIGURE 8-11: DISLOCATION ACCUMULATION (A SMALL AMOUNT) 129
FIGURE 8-12: DISLOCATION ACCUMULATION NEAR DEVICE FEATURES 130
FIGURE 8-13: DISLOCATION ACCUMULATION (LINEAGE FORMATION) 130
FIGURE 8-14: DISLOCATION ACCUMULATION (LINEAGE FORMATION) 131
FIGURE 8-15: MICROCRACK NEAR DEVICE FEATURES. 131

Vil



TABLE 2-1:
TABLE 3-1:
TABLE 5-1:
TABLE 5-2:
TABLE 5-3:
TABLE 7-1:
TABLE 7-2:
TABLE 7-3:
TABLE 7-4:
TABLE 7-5:
TABLE 7-6:
TABLE 8-1:
TABLE 8-2:
TABLE 8-3:
TABLE 8-4:

LIST OF TABLES

DEFINITIONS OF TERMS USED IN THISDOCUMENT.

LINEAR ABSORPTION COEFFICIENTS FOR GAAS

DATA FOR DIFFRACTED INTENSITY EXPERIMENT.

GONIOMETER ANGLES FOR VARIOUS PLANES

STRESS MEASUREMENT EXAMPLE DATA

IDEALITY FACTOR AND POWER SLUMP.

STATISTICAL ANALYSISFOR IDEALITY DATA.

SHEAR STRESS DATA FOR DEVICES SHOWING NO POWER SLUMP.
RESIDUAL SHEAR STRESS (T) AND POWER SLUMP AT 24V pe.
SUMMARY OF TERMSUSED IN POWER SLUMP MODEL.
COMPARISON OF MEASURED AND PREDICTED POWER SLUMP VALUES.
STATISTICAL ANALY SIS OF RESIDUAL STRESS DATA.

BREAKAGE TEST FOR BARE WAFERS.

BREAKAGE TEST FOR SION PASSIVATED WAFERS.

BREAKAGE TEST FOR SIN PASSIVATED WAFERS.

Vili

31
62
65
68
90
90
96
99
104
106
113
118
119
120



Chapter 1
| ntroduction

In the last several years, GaAs device processing technology has become competitive
with silicon technology in many areas of microelectronic fabrication. Although GaAs
technology does not currently match the miniaturization scale attainable with silicon,
the inherent advantages of higher mobility make GaAs the preferred choice for
building high frequency devices, such as those used in the microwave communications
industry. Whether the application is high-speed logic, microwave signal amplification,
or high-speed analogue detection, the vast majority of GaAs ICs use metal-

semiconductor field effect transistors (MESFETS) as the active elements of the circuit.

The devices under study in thisinvestigation are MESFETSs configured as microwave
power amplifiers. These ICs are used in such devices as cellular telephones and
satellite transponders, both of which require long-term, reliable power amplification.
As the demand for higher operational frequencies at higher output power increases, the
technological challenge of producing higher performance microwave amplifiersat a

low cost must be met.

1-1 STATEMENT OF THE PROBLEM

Two problems are addressed in this research; power slump and wafer breakage.
Power slump affects device lifetime and reliability, while wafer breakage affects
fabrication yield, and therefore, device cost.



POWER SLUMP

GaAs MESFET microwave amplifiers produced at ITT-GTC in Roanoke, Virginia
experience arapid decrease in the output power of the device at high bias voltages.
The high bias voltages are required to attain the power output desired from the chip,
but the degradation experienced under such bias conditions renders the devices useless
after afew days of operation. This degradation is known as “power slump” and is an

industry-wide problem.

WAFER BREAKAGE

Fabrication yield is a dominant factor in the ultimate cost of the device, and wafer
breakage is a major contributor to low fabrication yield. Wafer breakage occurs when
the sum of the applied and residual stresses exceeds the fracture strength of the
material. High residual process-induced stress may be partially responsible for high
wafer breakage rates and will be addressed in this research.

1-2 OBJECTIVES OF THE RESEARCH

The objectives of thisresearch are as follows:

1. Develop methods to measure single crystal stressin GaAs wafers and devices,
2. Develop amodel to explain the power slump phenomenon, and

3. Investigate the role of process-induced stress on wafer breakage.



A successful outcome of the first objective will give the entire semiconductor industry
anew tool to investigate the effects of stress on single crystal materials. Thereis
growing demand for such capability, since the effects of mechanical stress on device
performance and yield become more pronounced as devices are fabricated at the

submicron scale.

A successful outcome of the second objective will give the I11-V semiconductor
industry an explanation of a phenomenon which currently has no comprehensive
explanation. A model of power slump would provide guidance in developing
improved device, material, and fabrication designs, and perhaps ultimately lead to
development of low cost devices operating at frequencies and power outputs not

currently obtainable.

A successful outcome of the third objective will allow manufacturers of any types of
devices, including GaAs MESFETS, a better understanding of how process-induced
stress affects wafer breakage. By identifying those processes which contribute to
wafer breakage, improved methodologies may be developed to maximize fabrication
yield, ultimately leading to reduced product cost.

1-3 SCOPE OF THE RESEARCH

This research will develop non-destructive methods of precisely measuring stressin
single crystal materials. More specifically, methods to measure both macrostress and
film-edge stress will be developed. Computer models and X-ray topographic imaging
will be used to verify the stress measurement techniques, and methods will be
developed to assure data reliability and correct for the effects of stress gradients on

macrostress data.



A model to explain the power slump will be developed. This model will explain how
residual stress and high bias voltage contribute to device performance degradation, and
will at least qualitatively, predict the degree and conditions of power slump for various
operating conditions and stress states. It is beyond the scope of thisinvestigation to
actually produce devices which do not power slump, or exhibit reduced power slump,
as such an undertaking would be prohibitively expensive, given the many factors
which must be controlled to produce such devices . However, recommendations for

improved device and materials design will be developed.

Data concerning wafer breakage as a function of process-induced stress will be
collected. These data will be interpreted in the context of the conclusions of the single
crystal stressinvestigation. Crack nucleation points will be identified, fabrication
steps which contribute to wafer breakage will be identified, and suggestions to reduce
process-induced wafer breakage will be made. It isbeyond the scope of this study to
optimize the fabrication process, as this would be prohibitively expensive and time
consuming. Aswill be shown, optimization of the fabrication processis expected to
both reduce power slump and wafer breakage by reducing a common contributor to

both problems - residual stress.

" Aswill be shown, an extensive design of experiment (DOE) must be implemented to actually
produce non-slumping or reduced slumping devices.



Chapter 2
MESFET Device Physics

This chapter presents basic concepts of metal semiconductor field effect transistor
(MESFET) device physics and the general layout of the devices under investigation in
thisresearch. Also included in this chapter is a description of the power slump
phenomenon and the derivation of equations that describe the electronic nature of the

power slump.

2-1 MESFET BASICS

GaAs MESFETs are used as the active component of the microwave power amplifiers
studied in thisinvestigation. High frequency devices, such as microwave amplifiers,
require amaterial that has a very high electron mobility so that the electronic carriers
can propagate the signal. GaAsis such amaterial, and is therefore used for the active
region of the device. Compared to silicon’, GaAs is more brittle and more susceptible
to defect formation during the crystal growing process, which has important
ramifications with regard to device degradation and fabrication yield, as will be

shown.

Several terms used throughout this document are defined in Table 2-1.

" The overwhelming majority of microelectronic devices use either silicon or GaAs technology, with
far more silicon devices produced than GaAs devices. The comparison to silicon is made to keep the
reader who is familiar with silicon technology mindful of the differences between silicon and GaAs
materials properties.



Table 2-1: Definitions of terms used in this document.

Term Meaning in this
document

Active region of the device The region of aMESFET that
includes the depletion region
and the channel.

The depletion region The region depleted of carriers

under the gate.
The “channel” The region through which
current flows.
The " device’ Anindividual MESFET.
FET FET and MESFET will be used
interchangeably.
The “amplifier” The complete circuit, including
8 FETS and other structures on
the chip.
Chip The circuit and the substrate on

which the circuit is built.

Die An unmounted chip.

Wafer The GaAs substrate on which
devices are fabricated. After
fabrication, the wafer is
cut into die.

MESFET FABRICATION

The basic steps of MESFET fabrication are shown in Figure 2-1. Thefirst stepisto
deposit alayer of SION by plasma enhanced chemical vapor deposition (PECVD).

This layer minimizes surface damage during ion implantation and acts as an anneal



cap during annealing (arsenic would diffuse out of the GaAs surface layersif no

anneal cap was present).
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Figure2-1: Stepsin MESFET fabrication

Second, Mg and Si are co-implanted to form a deep p-type layer and a shallow n-type
layer, respectively. The n-type layer will ultimately serve as the channel of the device
and the p-type layer will more precisely define the bottom of the channel and provide
electrical isolation from adjacent devices. Third, the anneal cap isremoved and a
TiWN layer is sputtered onto the bare GaAs to form a Schottky contact. An over-layer
of nickel is deposited and servesto pattern the TiIWN layer. The T-gate structure
(refer to Figure 2-1 (c)) isformed by selective etching. Fourth, photoresist is patterned

onto the wafer and the Si implant is repeated, forming two separate highly conductive



regionsin the channel, where later the source and drain will be located. The
photoresist and nickel layers are stripped and SION is again deposited. Fifth, the
wafer is annealed to electrically activate the implanted ions. In the devices under
study, the wafers were furnace annealed to 827°C. The current process uses rapid
thermal annealing (RTA) at 925°C to activate the implants. Sixth, the SION anneal
cap isremoved and ohmic metal is sputtered to form the source and drain contacts.
Seventh, a SiN passivation layer is deposited by PECV D and etched to expose the
metallization tracks, gate metal, and source and drain ohmic contacts. The passivation
layer provides electrical isolation between the gate, source, and drain, prevents
electromigration of metallic ions across the GaAs surface, and protects the device from
environmental degradation (moisture, salt, etc.). Finally, gold is plated to form the

metallization interconnection layer and the entire device is passivated with SiN.

In the devices under study, additional processing is performed on the backside of the
wafer. First, the wafer is mounted on a sapphire carrier using wax. Wax is used so
that the wafer can be easily removed after backside processing is complete. Second,
the wafer is thinned to 125 mm by mechanical grinding and polishing to improve heat
transfer out of the substrate during device operation. Third, vias are etched through
the substrate to connect the source contact pads on the front-side of the wafer (the top)
to the backside of the wafer (the bottom). In thisway, the heat sink on which the die
will be mounted can also act as the grounding plane for the source, eliminating the
need for wire bonding on the front side source contacts. Fourth, atitanium adhesion
layer and a plated gold layer are deposited on the backside of the wafer and the wafer

isremoved from the carrier.

The wafer is then mounted onto tape, scribed and broken into dice. Each dieis
attached to a brass heat sink (or carrier) using an indium based solder. The devicesin

this study were mounted on the carrier manually using a hot stage. Lifetesting was



then performed in an environmental chamber. (The gate and drain contacts would
normally be wire bonded and the device is hermetically sealed. The devices studied in
thiswork did not undergo final packaging.)

MESFET GEOMETRY and DEVICE OPERATION

During depletion-mode operation®, a positive voltage is applied at the drain contact, a
negative voltage is applied at the gate contact, and the source contact is grounded (see

Figure 2-2 and Figure 2-3). This biasing configuration causes the majority carrier

Passivation
Plated Au Plated Au Plated Au
TiWN Gate
Source Ohmic Au/Ge Drain Ohmic Au/Ge
[ TF)
n+ n+
p p
\_’_’_[ Depletion Region
Channel
\ .

p

Figure 2-2: Cross-sectional view of a MESFET.

" “Depletion mode” refers to the manner in which the drain current is modulated. In depletion mode,
the channel is open when the gate voltage is zero and narrows as the negative gate bias is increased.
(Ass opposed to enhancement mode in which the channel isinitially closed and positive gate bias opens

it.)



Drain

[ Gate Fingers

Gate

Figure 2-3: Top view of aMESFET. Thisdevice representsone of eight FETs on the amplifier.

(electronsin an n-type device) to flow from the source to the drain. The refractory
TiWN alloy, which serves as the gate contact, forms a Schottky barrier at the
metal/semiconductor junction. The depletion region formed in the semiconductor by
the metal/semiconductor junction narrows the channel when negative biasis applied to
the gate.

2-2 SCHOTTKY BARRIER GATE CONTACT

The Schottky barrier formed at the junction between the gate metal and GaAsis
associated with a depletion region in the semiconducting material. The negative
voltage applied at the gate reverse-biases the gate contact, increasing the size of the
depletion region. As the depletion region under the gate increases, the width of the
conducting channel decreases, confining the current flowing from the source to the

drain to a smaller cross-sectional area. In thisway, drain current can be modulated by

10



an applied gate signal, which is the basis for amplification in thisdevice. The DC

power gain is described by

Equation 2-1

where Vp and Vg are the drain and gate voltages and |, and | are the drain and gate
currents. For the devices studied in thisresearch, V p and V¢ are fixed bias values

(with a superimposed signal on the gate bias during AC operation).

The MESFET' s refractory gate allows a small, but significant gate current to flow
through the depletion region under reverse bias. This current, which is formed by
thermionic emission over the Schottky barrier, acts to decrease the power output of the
device, asis evident by Equation 2-1. The total current flowing through the depletion
region under the gate is determined by the sum of the thermionic emission current and

the generation current in the depletion region, as shown in Equation 2-2 [1].

Equation 2-2

lo=ZLA T2 KT + |

where Z is the gate width, L isthe gate length, f isthe potential barrier height, and I ge,
is the generation current in the depletion region. A™ is the modified effective

Richardson’s constant, given by Equation 2-3 [2].

11



Equation 2-3

** * f .f
A =Am /mopiQ

v
14 f.f R
pQ

Vo

where, A is the Richardson-Dushman constant for a free electron (120 A/lcm?K?), m’" is
the effective mass of an electron in the conduction band, m, is the free-electron mass,
fp s the probability that an electron will be backscattered over the barrier by optical
phonon scattering, fq is afactor related to quantum mechanical reflection of electrons
at the junction, vg is the recombination velocity in the semiconductor side of the
contact, and vp, isthe diffusion velocity. Under high electric fields, such as those
experienced in the gate region during device operation (>10” V/cm), A™" has been
determined [2] experimentally to be 144 A/cm?K?,

qDF $ N A
qakE
1

EF

metal n-type GaAs

Figure 2-4: Band diagram of a Schottky barrier. Band bending near the metal-semiconductor
interface is due to the combined effects of the applied field and image char ge for mation.

The potential barrier of Equation 2-2 is given by Equation 2-4 [1],

Equation 2-4

F=qui-DF-aE,

12



where DF isthe decrease in the barrier height due to image force effects (refer to
Figure 2-4), a is an empirical factor related to the quantum mechanical effects of the
wave functions in the metal (approximately 0.2 nm for TIWN on GaAs), Eisthe
applied electric field, and V,; is the built-in potential of the Schottky barrier given by
Equation 2-5 (assuming n-type GaAs),

Equation 2-5

where Np is the donor concentration and n; isthe intrinsic carrier concentration. For
the devices under investigation, Np = 5 X 10" /cc, nj= 9.98 X 10" /cc, and V,; = 0.67
V at

T =75°C.

The decrease in the potential barrier due to the image force (see Equation 2-4) is
caused by the formation of a positive charge on the metal surface, induced by the
proximity of the electric field from the approaching electron. The resulting attractive

force lowers the potential barrier by an amount [2]

Equation 2-6

qE
4-p-er-eO
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where E is the applied electric field, e isthe relative permittivity (13.1 for GaAs), and
&, is the permittivity of free space. Asan example, for Vps =24V, E=1.6x 10°
V/cm, and Df = 0.133 eV, which represents an appreciable change in the barrier
height.

The thermionic current under low field operation is calculated to be 6.7 nA, which is
consistent with measured values of gate current under low-field conditions. At an
operating field of 1.2 x 10° V/em (Vs = 18 V), the thermionic current is calculated to
be 320 nA. Thisvalue is much smaller than measured values, which show the reverse
gate current (high field) to be between 1000 and 2000 mA at Vpg = 18 V. Deviations
between the measured and calculated values are likely due to the degree of perfection
of the metal-semiconductor interface, as evidenced by the significant variability in the
measured values of the gate current, and the magnitude of the generation current in the

depletion region due to electrically active defects.

Asthedrain voltage isincreased beyond 18 V, the measured increase in the gate
current does not match the increase in the gate current predicted by thermionic
emission calculations. For example, the measured gate current increases from 1500
mA to 3500 mA when the applied voltage changes from Vpc =18V to Vpg =24 V.
For the same voltage increase, the thermionic emission current should increase from
320 nA to

760 nA. Again, this appears to indicate the presence of a significant generation
current in the depletion region of the device. The nature of this generation current is

discussed in the next section.
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2-3 GENERATION CURRENT

Energy states near the middle of the bandgap can act as generation centers under
reverse bias conditions. The depletion region under the gate could therefore give rise
to a generation component of the gate current if defects exist in that region, and those

defects have energy states near the middle of the bandgap.
Within the depletion region of the gate, energy states near the center of the bandgap

may act to create electron/hole pairs. The generation rate of carriers, U, is described
by Equation 2-7 [3] as

Equation 2-7

where s is the effective capture cross-section of the generation center, v 1y isthe
thermal velocity of the carriers, Ngc is the number of generation centers per unit
volume, Eqc isthe energy level of the generation center, and Ec is the conduction band
edge. The thermal velocity for GaAsis reported to be vy = 2.32 x 10% cm/s and the
density of states in the conduction band is calculated to be N ¢ = 4.7 x 10" /cc. The
assumption made for Equation 2-7 is that the generation centers have an energy level
at E; (the Fermi level of the intrinsic material) and that the capture cross sections of

holes and electrons are equal .
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If the centers are not at an energy level E;, then electron-hole pairs are less likely to
form, since either the energy required to promote an electron to the conduction band
will increase, or the energy required to promote a hole to the valence band will
increase. Inthe middle of the bandgap, the energy required to promote a hole or an
electron to the conduction or valence band (respectively) is the same, and therefore, an

equal probability exists for electron or hole promotion.

The effective capture cross sectionisgiven by s = s X, where s, istheintrinsic
capture cross-section and X represents the combined effects of temperature, applied
electric field, and the entropy change due to the emission process. For GaAs, S, is
experimentally determined [3] to be on the order of 10" cm® X is given by Equation
2-8.

Equation 2-8

where g, is the degeneracy of the generation center not occupied by an electron, g; is
the degeneracy of the generation center occupied by one electron, DS is the entropy
change associated with emission of an electron, and DE is an energy factor related to
the presence of an electric field. The degeneracy factors are not well known for deep
level impuritiesin GaAs. For shallow donor impurities, the ground state degeneracy
in GaAsis 2, since the donor can accept an electron with either spin or can have no
electron. For shallow acceptor states, there are two degenerate valance bands at k = 0,
making g, = 4. Asan estimate, the ratio of g,:g; istaken to be 2. The changein

entropy associated with an electron emission is estimated to be on the order of afew k
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(Boltzman'’s constant), but again, is unknown for deep levelsin GaAs. As an estimate,
DSistaken to be 3k. Experimentally determined values of X, under conditions of low
applied field, suggest X is between 10 and 100 for deep level impuritiesin GaAs [3].

DE is due to the attractive force experienced by the electron (or hole) due to an applied

electric field. Figure 2-5 shows the effect of the applied electric field on the potential

barrier for electron emission.

Increasing Energy

E

GC

Figure 2-5: Energy diagram for a generation center under no bias (dotted lines) and under
reversebias (solid lines). Egc isthe energy level of the generation center; the trapped electron
needs less energy under reverse biasto escapee from the generation center.

The attractive force between the generation center and an electron is given by

Equation 2-9.

Equation 2-9
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The potential energy as a function of distance from the generation center is given by

[3]

Equation 2-10

z 2
PEz) = Faz= — 9
Jy 16p-e-e -z
If an external field, E, is applied,
Equation 2-11
2
PE(Z) = qif qEZ
16.p.er.eo.z

The maximum in the barrier (on the side that is lowered) is found by taking the
derivative and setting the result equal to zero. Theresult isthe same form as Equation
2-6, which represents the reduction in the potential barrier due to image force lowering
of the Schottky barrier.

Having defined all of the termsin Equation 2-7 to determine the generation rate, the

generation current is given by Equation 2-12

Equation 2-12

lgen = QUZY h,
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where Z, Y, and h are the gate width, depletion region length, and depletion region
width [3].

Generation centers exist in the depletion region as a consequence of point defects,
surface states, and dislocations. Since the gate currentat Vp =12V and Vg =-6V is
typically 1500 mA, and the parameters for the thermionic current are known, the pre-
power slump value for Ngc is calculated to be on the order of 10 /cc, assuming that
all generation centers are located at the center of the bandgap and that no leakage
current exists’. Using Ngc = 10" /cc, the calculated value of the gate current is 1450
MA at Vpe =18V and 2622 mA at Vg = 24 V, in agreement with measured values.

Aswill be shown in chapter 7, the number of generation centers necessary to cause
power slump is on the order of 10 /cc, an order of magnitude higher than the pre-
power slump value. Inthe next few chapters, it will be shown that the generation
centers responsible for power slump are likely to be kinks on dislocations, which form
as a consequence of high shear strain in the gate region, high electric field, and high
doping levels.

*Infact, 10* /cc is arelatively large number of generation centersin GaAs, suggesting that large
leakage currents are probably present in these devices (in addition to the generation current).
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Chapter 3
X-Ray Topography

X-ray topography, also known as X-ray microscopy, can be used to image defects and
strain fields in nearly perfect single crystal materials. For all topographic techniques,
only crystals with dislocation densities less than 10° /cm? and arelatively large
subgrain structure are suitable. Since several X-ray topographic techniques exist, it is
important to select the method which will provide the best images for a particular
sample type. The samples used in thisinvestigation are either 125 nm thick devices or
650 nm thick wafers, both with an average subgrain diameter of 60 nm. In addition to
sample thickness and subgrain structure, it is also important to consider the
information which is hoped to be obtained by the experiment. For thisinvestigation, a
topographic technique which can image strain fields and defect structures as a function

of depth and at a resolution of 1 nm is desired.

The Berg-Barrett method, the Lang method, the Borrmann method, and Laue imaging

arediscussed [1]. The first three techniques are the traditional methods of topographic
imaging, and use characteristic K , radiation (single wavelength). The Laue technique
has found limited use in the investigation of semiconductor devices primarily because

this technique requires white radiation, which is not practical for routine materials

investigation .

" White radiation is impractical because of the long film exposure times when using a low-flux X-ray
tube. A high flux source of white radiation (such as an X-ray synchrotron) is not practical for routine
measurements because of the limited availability of such facilities.
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3-1 X-RAY TOPOGRAPHY METHODS

The overwhelming majority of topographic investigations of GaAs materials use the
Berg-Barrett method. The Lang method and the Borrmann method have found only
limited application for GaAsimaging. Laue imaging, which apparently has not been
previously used in GaAs microelectronic investigations, is also discussed. By
assessing all topographic techniques, it will be shown in this section that Laue imaging

is the best technique for this investigation.

THE BERG-BARRETT METHOD

The Berg-Barrett method uses K , radiation in reflection mode to produce a topograph
of the sample surface on a photographic plate (see Figure 3-1). Regions of the
specimen which are highly perfect will diffract, causing the corresponding region on
the photographic plate to darken. Regions which have lower extinction than
neighboring regions, will appear darker. Regions which do not satisfy the Bragg
condition will appear lighter. Therefore, since regions around subgrain boundaries
contain non-uniform strain, such defects can be identified as darker regions on the
topograph. Microcracks, dislocation structures and regions of different phase will

appear white.

This technique requires a highly parallel incident beam. The maximum resolution of
this technique (using a double crystal diffractometer) is5 - 10 nm, primarily due to
beam divergence. A major restriction is that the 2q angle must be near 90° to prevent
distortion of the image. For GaAs, this limits the investigation to defects which can be
imaged on strongly reflecting planes with a Bragg angle near 45°.
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Incident Beam

7

Sample Diffracting Planes

Figure 3-1: Geometry for Berg-Barrett topography.

Unfortunately, the Berg-Barrett method requires that the sample under investigation to
be a nearly perfect single crystal, with very large, very low-angle subgrains. The ideal
case for Berg-Barrett imaging would be no subgrain structure, which would maximize
extinction contrast between the background and dislocation structures. The GaAs
samples used in this investigation contain a very dense subgrain structure, which

expected to significantly reduce strain field contrast (for non-parallel beam optics).

Since a primary objective of the topography measurementsisto image strain fieldsin
the device, both around dislocation structures and device structures, the Berg-Barrett
method is not optimal for our purposes. Also, the Berg-Barrett method cannot provide

information about the three-dimensional distribution of defects.
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LANG METHOD

The Lang method is a transmission technique and is only suitable for samples which
have athickness satisfying the condition that nt ~ 1, where mis the linear absorption
coefficient for X-rays and t is the sample thickness. Put simply, the specimen must be
thin enough for sufficient intensity to emerge from the crystal, but thick enough so

that sufficient volume exists for diffraction.

Sample y

Figure 3-2: Geometry for the calculation of the optimal sample thickness for the Lang method.

Using the geometry defined in Figure 3-2, Cullity shows [2] that the total diffracted

intensity outside the sample, originating in alayer of thickness dx at a depth x, is given

by
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Equation 3-1

-m(AB+BC)dX

dip = eyl,e

where e isthe fraction of the incident energy diffracted by the differential volume, AB
=x and BC = (t - x) for small Bragg angles. By integrating from x = 0to x =t, the
diffracted intensity of the beam is determined to be

Equation 3-2

Ip = eytl,e™

By differentiation,

Equation 3-3

dip/dt = eyl,e™ - eytm ™

Setting dlp/dt = 0, the maximum diffracted intensity occurs when t = 1/m(assuming a
small value of g). Toillustrate the required thickness which would be suitable for

L ang topography, values are calculated for Cry, (2.29 A) and Mok, (0.711 A)
radiation. For GaAs, m= 1096 cm™ for Crg, radiation, requiring the sample thickness
to be approximately 9 mm. For Moka, m= 355 cm™, requiring the sample to be
approximately 30 nm. Since our samples are either 125 nm for fully processed

devices, or 625 nm for wafers, the Lang technique is not suitable for our purposes.
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THE BORRMANN METHOD

The Borrmann method relies on anomalous transmission of X-rays to image defects
through the bulk of the sample. Anomalous transmission is a dynamical diffraction
phenomenon in which X-rays propagate through the sample parallel to the diffracting
planes. Contrary to classical X-ray diffraction theory, anomalous transmission is not
affected by absorption. However, it is very sensitive to disruptions in the periodic
nature of the crystal lattice and cannot occur in crystals which contain significant
mosaic structure. Since GaAs has dense subgrain structure, anomalous transmission
will not occur to any appreciable extent. Therefore, the Borrmann technique is

unsuitable for our purposes.

LAUE IMAGING

When highly parallel white radiation is incident on a single crystal, planes satisfying
the Bragg and structure factor conditions will diffract. If X-ray sensitive filmis placed
near the diffracting crystal, each diffracted beam will produce a spot on the film,
creating alaue pattern. Since diffraction is afunction of wavelength and Bragg
angle, crystalline defects may be studied on several different planes with asingle
radiation, or on the same plane with awide range of wavelengths. The advantage of
investigating a single plane with several wavelengths is that absorption is a function of

wavelength, so the near-surface layers may be studied as a function of depth.

Since a synchrotron source is used for this technique, several other advantages are

realized. First, since the incident beam is highly parallel, resolution of this technique

26



is greater than other techniques which use non-parallel optics. In thiscase, itisthe
grain size of the X-ray film that is the limiting factor for resolution. For standard X-
ray film the maximum resolution is approximately 3 mm. For nuclear emulsions, the
maximum resolution is approximately 1 nm. Another advantage of synchrotron
radiation is that the incident beam is very intense over a broad range of wavelengths.
This allows relatively short film exposure times for any wavelength used, and

increases the information available regarding defect distribution as a function of depth.

3-2 THELAUE TECHNIQUE

The geometry for the Laue technique is shown in Figure 3-3. For agiven a,
diffraction will occur at those angles for which Bragg's Law is satisfied. Thus, each
plane, having a unique d-spacing, will diffract only at a particular wavelength, since g
isfixed.

»
L

=1\

Diffracted Beam
O

Incident Beam

Diffracting Planes

Figure 3-3: Geometry for Laueimaging.
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As discussed previously (Lang topography), transmission experiments are not suitable
for the samples used in thisinvestigation. Therefore, Laue imaging in reflection mode

isused. Noteworthy experimental details of Laue imaging include:

1. To eliminate parallax, a single emulsion film should be used. Double emulsion
films create double images unless the exposing beam is normal to the film surface
(which israther difficult to achieve for any one spot and impossible to achieve
simultaneously for the entire pattern using standard flat X-ray film or nuclear

emulsion plates).

2. Toimagethe entire Laue pattern, either avery large, curved strip of film must be
used, or the angle gmust be varied in such away that different regions of the
pattern can be imaged on successive films. The latter technique is used for this
investigation.

film
image film/ @
\é&b
sample sample
(a (b)

Figure 3-4: Image compression when diffracted X-rays are (a) normal to the sample surface
and (b) oblique to the sample surface.
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3. Toimage aparticular plane as a function of wavelength, gis held constant and a is
varied (thus varying g). By varying a (and thus q), different wavelengths will
satisfy the Bragg condition. The position of the diffraction spot on the film will
not change (if gis fixed); only the wavelength producing the spot will change.

4. To minimize compression of the surface image (and therefore loss of resolution),
the diffracted beam must leave the sample surface as close to 90° as possible and
strike the film at 90°, as shown in Figure 3-4 (a). Thisrequires that the sample
surface and the film be parallel, which fixes g=a. If the diffracted beam |leaves
the sample surface at an oblique angle, the image appears compressed, as shown in
Figure 3-4 (b). Thisreduces the effective resolution of features on the image since
the diffracted beams from adjacent defects blur together as the imageis
compressed. Therefore, for aparticular hkl plane, there is only one wavelength
which gives the proper Bragg angle satisfying the condition for maximum
resolution, | = 2d sin(90° - b), corresponding to a = 90 - 2b. Fortunately, small
changesin a only compress the image by a small percentage, while allowing for a
significant change in wavelength. So, although resolution is not optimized as

wavelength is changed, acceptable results are still obtainable.
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3-3 DEPTH OF PENETRATION CONSIDERATIONS FOR
TOPOGRAPHIC IMAGING IN GaAs

X-ray absorption is the primary factor which defines the sampling volume of most X-
ray techniques. Since Laue imaging allows use of a variety of wavelengths, the depth
of penetration can be controlled to some extent, thus allowing information about the
defect structure as a function of depth to be obtained. Absorption is also important
when considering fluorescence, which can act to decrease resolution of topographic

images.

LINEAR ABSORPTION

The figure of merit that defines absorption characteristicsis the linear absorption
coefficient, m The linear absorption coefficient represents the relationship between
the transmitted and absorbed portions of an X-ray as it interacts with matter in a

homogeneous medium. From Beer’s Law,

Equation 3-4

e = 1,€7™,
where I isthe intensity of the transmitted beam, |, is the intensity of the incident
beam, x is distance through the sample, and the factor of 2 accounts for the beam path

into and out of the sample.

Empirically, the linear absorption coefficient for any element follows a relationship

given by [2]:
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Equation 3-5

m=kr| 32",

wherer isthe density of the material, | isthe wavelength of the X-ray, and Z isthe
atomic number. The coefficients k and n are constants, where k is different for
different quantum shells and n is a number between 2 and 3. The linear absorption

coefficient for acompound is given by [2]

Equation 3-6

rTEBaAs: rTEBa'WGaJr n)ks'WAe

where w is the weight fraction of an element in the compound.

Normally, X-ray analysisistypically performed using X-ray tubes with targets of
either Mo, Cu, Co, Fe, or Cr. For these characteristic radiation wavelengths, the
International Tables for X-Ray Crystallography [3] give mass absorption coefficients
(mr) for most elements. From this data, the linear absorption coefficient may be
calculated for any material. For GaAs, with adensity of 5.32 g/cc, Table 3-1is
calculated:

Table 3-1: Linear absorption coefficients for GaAs at selected wavelengths

Radiation () | Mo (0.711) | Cu(1.54) | Co(1.79) | Fe(1.94) | Cr (2.29)
m(cm™) 327 368 556 695 1097
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This investigation uses white synchrotron radiation for topographic investigations.
Since white radiation is continuous, the linear absorption coefficient of GaAsfor a
wide range of wavelengths must be calculated. The data of table 3-1 are used to
calculate regression coefficients for k and n. The regression analysis shows that for
the K-shell branch, kas = 0.003770, ks = 0.004031, nas = 2.533, and ng, = 2.580. For
the L-shell branch, kas = 0.000645, kga = 0.000631, Nas = 2.74, and Ngy = 2.77. From
these data, the plot shown in Figure 3-5 is obtained.

GaAs Linear Absorption Coefficient
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Figure 3-5: Calculation of the linear absor ption coefficient for GaAs.

Absorption affects the depth of penetration, and thus the relative intensity of the
diffracted beam from a given location below the sample surface. The depth of

penetration is given by [4]:

Equation 3-7

[ 1 1 >
- — +-
G=1_e \sin(a) sin(b)
z
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where G; is the fraction of the total diffracted intensity originating from the sample
surface to a depth z below the surface (it is generally accepted that the depth of
penetration is defined when G, = 0.95). Therefore, a crystallographic plane which is
imaged, using a wavelength that corresponds to a small m will provide information
about defects farther below the surface than a wavelength that corresponds to alarger
m For example, if the 533 planeisimaged using a = 9.4° then| = 1.3157 A. For this
wavelength, Table 3-1 shows a value of m= 220 /cm which corresponds to a depth of
penetration of 19 nm. If the 533 planeisimaged using a = 1.0° then | =1.1386 A,
corresponding to m= 550 /cm and a depth of penetration of approximately 0.93 mm.

By imaging a particular plane as a function of depth of penetration, information about
the distribution of defectsin the z-direction can be obtained. Shallow penetration
depths will only image surface defects, while deeper penetration depths will image
defects farther below the surface (assuming the concentration of surface defectsis

reasonably small).

ATTENUATION

Another consideration affecting the depth of penetration is attenuation. When a highly
parallel beam isincident on a material, and the mosaic structure is such that a
significant portion of the diffraction is subject to primary and secondary extinction,
attenuation of the beam due to secondary and higher order reflections must be

considered. The attenuation coefficient is given by Warren [4] as

Equation 3-8

t = 0.5p(q?/mc®)NI F
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where q is the electronic charge, m is electron mass, c is the speed of light, N isthe
number of unit cellsin the material per unit volume, | isthe wavelength, and F isthe

structure factor given by (for GaAs):

Foha =0 for hkl mixed
Foha = 16(fca + fag)® forh+k+1=

Fi = 16(fca - fag)’ forh+k+1=(2n+ 1)2
Foha = 16(fes + fasd) for hkl all odd

where nis an integer greater than zero and f is the atomic scattering factor.

When attenuation is significant, the linear absorption coefficient, m should be replaced
in Equation 3-7 by the attenuation coefficient t. The attenuation coefficient actsto
reduce the effective depth of penetration considerably; as much as 3 orders of
magnitude in some instances. Thiswould, for example, reduce the effective depth of

penetration for 0.711 A radiation from 30 mm to approximately 30 nm in GaAs.

The influence of the atomic scattering factors, f s, and fas, are important when
interpreting defect structures as a function of depth below the surface. The atomic
scattering factor isinversely proportional to radiation wavelength, and has different
values for Gaand As atoms. Thus, topographic images which are created using longer
wavelengths will have smaller attenuation coefficients than images created using short
wavelengths. Likewise, images created using reflections from planes’ with a structure
factor F%q = 16(fsa - fas)® Will have smaller attenuation coefficients than reflections
from other planes. A smaller attenuation coefficient corresponds to a deeper depth of
penetration, which must be considered when determining the location of a defect

below the surface.

Tsuchthath+k +1=2(2n + 1)
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Most crystals, including the GaAs crystals used in this investigation, are neither ideally
perfect nor ideally imperfect, but somewhere in-between. Thus, topographic images
do not represent diffraction from a uniform depth of penetration. Near subgrain
boundaries and other large-scal e defects such as lineages, extinction will be
minimized. Intheseregions, it is expected that the depth of penetration will be greater
since attenuation effects will be minimal. In the interior of the subgrains, attenuation
should be significant, resulting in a more shallow depth of penetration. Since the
subgrain boundaries are relatively narrow (with respect to the interior of the subgrain)
most of the image can be interpreted using depth of penetration cal culations based on
the attenuation coefficient. The presence of different absorption characteristics can
create some unusual phenomenain topographic images. For example, as shown in
Figure 3-6, when strain fields from device structures overlap large scale defects and
subgrain boundaries, the differences in the nature of X-ray absorption make the strain

fields appear “wavy”.

Figure 3-6: X-ray topograph showing linear absorption and attenuation. Thewhiteregionsare
strain fields, made " wavy" near subgrain boundaries dueto differencesin
absor ption characteristics.
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FLUORESCENCE

The information in Figure 3-5 is also important when determining at which
wavelengths X-ray fluorescence may occur. Fluorescence will affect the resolution of
the topograph by “fogging” the film, and is therefore an important parameter to
consider when designing the topographic experiment. From Figure 3-5, it is shown
that the K-edge of Gais located at awavelength of 1.1958 A. Below this wavelength,
significant absorption will occur, increasing the intensity of fluorescence. Above
approximately 2.37 A, absorption is also high, causing fluorescence to occur from the
L-shell of As. Thus, the optimal range of wavelengths to use for topographic imaging
isin the range of 1.20 A to 1.95 A, where absorption is relatively low.
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Chapter 4
Theories and Equations of Stress

This chapter presents the relevant theories and equations of stress and strain induced
by thin films on thick substrates; specifically, macrostress due to bending moments
and film-edge stress due to force continuity requirements. Computer models are
developed and applied for the materials and device structures under investigation using
adistributed force approximation. X-ray topographs are used to verify the accuracy of

the computer models.

The complete state of stressin the wafer and near device features consists of two
components - macrostress and film-edge stress. Theories for both types of stress are
required for the investigation of power slump, which is believed to be a function of
shear stress in the active region of the device, and for the investigation of wafer

breakage, which is believed to be related to high normal stress near passivation edges.

It is demonstrated that measured shear stressin the gate-to-drain region theoretically
exceeds the magnitude required by our model to induce power slump. It isalso shown
that measured normal stresses exist which theoretically exceed the magnitude

necessary to induce microcracking and fracture of the wafer.

4-1 MACROSTRESSDUE TO BENDING MOMENTS

When an adherent film is deposited on arelatively thick substrate, bending moments
often arise due to mismatch in thermal expansion coefficients. This occurs as the film

and wafer cool from relatively high deposition temperatures to room temperature. For
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the cases of aSION or SIN film on a GaAs substrate, the films have a smaller thermal
expansion coefficient than does the substrate, creating atensile stressin the film and a

compressive stress in the substrate surface (adjacent to the film) upon cooling.

Figure4-1: Geometry for the bending plate approximation. R istheradius of curvature, d; and
ds arethethickness of the film and subtrate, and w isthe plate width.

Figure 4-1 shows the geometry and definitions of terms used in the derivation of
surface stress equations for the bending plate approximation of athin film on athick
substrate. First, the equations of stress for an unconstrained, bare rectangular substrate
will be derived. Using these equations, the equations of stress for the case of athin
film on arectangular substrate will be derived. The result is the Stoney formula[1],
which is commonly used to calculate bending stresses. Second, a more rigorous
derviation of bending stresses by Roll [2] will be presented. This model will be
applied to the cases of SION or SIN on GaAs. Computer simulations will also be
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presented which show the distribution of stressin the substrate due to bending

moments.

STONEY FORMULA

For an elastically bent, bare (d; = 0), rectangular substrate,

Equation 4-1

DL _ (R+2)q-Rg
L Rq

e=

where z = d/2 represents the strain on the top surface and z = -d/2 represents the strain

on the bottom surface. Using Hooke's Law,

Equation 4-2

E-d
‘Sma"‘ ) 2S-Rs

where E; is the elastic modulus of the substrate in the bending direction. The sign of
the stress is positive for tensile stress (on the top surface in Figure 4-1) and negative

for compressive stress (on the bottom surface in Figure 4-1).
The induced moment is calculated to be the force generated in the substrate (Fs) by the

internal stress multiplied by the moment arm, which is taken to be at the center of the

substrate. Thisassumption isvalid if the center of the stress distribution is at the
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midpoint of the substrate, which is reasonable for symmetrically distributed stresses.

Thus, as the substrate is bent,

Equation 4-3

The substrate is now assumed to have an adherent film such that ds * 0 and isinitially

held flat. Conservation of moments requires that

Equation 4-4
SM=0
And thus,
Equation 4-5
Ms + Mf = 0

If the substrate is then released (implying Mt -My ),

Equation 4-6

Fs'ds Ff'df
2 2 et

Since Fs and Fr must be equal at the interface (due to conservation of force

requirements), we have the result that
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Equation 4-7

The moment in the film (or the substrate) is given by,

Equation 4-8

By substituting da = W-/%-dy, where A is the cross-sectional area of the film (or

|2
substrate),

Equation 4-9

2
s-w-d

2y
M= 2 sy-w—>dy =
y d v 6

By substituting Equation 4-2 into Equation 4-9,

Equation 4-10
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By substitution of Equation 4-2 and Equation 4-10 (applied for both the substrate and
the film) into Equation 4-7, the magnitude of the substrate surface stress is determined

to be,

Equation 4-11

where E is replaced by E/(1-n) to account for the biaxial state of stress[3] (ns and ns

are the Poisson’ s ratios of the film and substrate, respectively).

Equation 4-11 should give rise to aresidual stress in the substrate of approximately
320 kPafor atypical film stress of 200 MPain a 125 nm GaAs substrate with a 2000
A adherent SiN thin film. However, our X-ray strain measurements consistently show
stresses which are two orders of magnitude greater than those which should exist due

bending moments.

ROLL’S EQUATIONS OF BENDING PLATE STRESS
The preceding equations were derived under the assumption of homogenous, isotropic

stresses, which do not exist in our case. A more rigorous derivation is given by Roll
[2], who shows that,

Equation 4-12

Sxx = Axx T bxxX
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and

Equation 4-13

Syy = ayy + byyx

where a isthe dilatation stress, b is the deviatoric (deformation) stress, xx is the stress
in the x-direction due to bending in the xz plane, yy is the stress in the y-direction due
to bending in the yz plane, and x is the distance from the substrate/film interface in the
z-direction. Using alinear approximation for the case that the film is much thinner
than the substrate,

Equation 4-14

’/d 2 4k.-d n C
(SO)XX: \ s> Sk = /% 1+ L 2. XX |s.£./ﬂ /1+4_ ff 2. ¥
6.df | o ks'ds dS & | \ ns'ds ds
and
Equation 4-15
-ld)? 4k n,d C
(so)yy: \ 5> : ksﬂ./ﬂ L B N W 7' s.d./d‘N) /1+4.¥, 2. XX
6'df \ & ks'ds ds ok \ & \ ns'ds ds

and
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Equation 4-16

2
) - 4y dfawl (o, md Gy

where s° and t° are the film stresses, k, m and | are modified Lamé coefficients, dsor
d: is the thickness of the film or substrate, n is Poisson’sratio, and C is the center of
the stress distribution in the thin film or the substrate. The parameters a and b in the

x-direction are given by:

Equation 4-17

)
4 = ‘M./l Ml 3G
X n -d \ n.d 2d
S S S S S
and

Equation 4-18

and similar equations exist for a,y, and b,y. These equations were used as the basis for
a computer model to calculate the stress due to bending momentsin awafer. For the

650 nm wafers used in this research, Figure 4-2 was obtained.
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Figure 4-2: Computer plot of normal stressdistribution in a wafer dueto bending moments.
Blue (lower line) isthe x-direction and red (upper line) isthe y-direction.

Still, these equations do not predict an appreciable strain in the wafer for the
passivation layers under investigation. The maximum stress in the x-direction is 1.7
MPa, compressive, and 0.5 MPa, tensile in the y-direction. Therefore, it appears that
the stresses measured by X-ray analysis are, for the most part, not due to bending

moments from the film.

Since the residual stress from the crystal growing process are typically between 10
MPa and 30 MPa (as will be shown in Chapter 8), and it has been shown in Figure 4-2
that stress due to bending moments is not appreciable, the remaining stress must be
due to modification of the surface during processing or film-edge stress (or both). An
investigation of substrate surface modification during PECVD deposition and other
fabrication processes of SIN and SION thin filmsis beyond the scope of this study.
Film-edge stress is discussed in the section 4-2.
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4-2 FILM-EDGE STRESSES

Film edge stresses exist near discontinuities in adherent thin films due to force
continuity requirements at the film edge. For the GaAs MESFETSs under investigation,
the film edge stresses developed under the gate, source, and drain edges are of primary
importance. Calculation of these stresses involve the TIWN gate metal and the SiN or
SION passivation between the gate and drain and gate to source. Thetotal stressin
any region of the device will be the superposition of the stresses developed at the
various film edges, the macrostress due to bending moments, and the residual stress

developed in the substrate during crystal growth and processing.

M ost authors use the concentrated force approximation when characterizing film edge
stresses. The concentrated force approximation assumes that the initial stressin the
film is uniform through the bulk of the film and becomes zero at the film edge,
following a step function. Hu [4] has derived the edge stress components in the

substrate using the concentrated force approximation:

Equation 4-19

-2-F 3
SX — X X .
P (x2+ zz)
Equation 4-20
-2 Fx X-Z2
s, = ,
i
P
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Equation 4-21

where the forces are in units of force per unit length. This approximation isvalid for
soft films on relatively hard substrates [4] (e.g., ohmic metal on GaAs), but becomes
invalid as the magnitude of the elastic modulus of the thin film becomes close to, or
exceeds, the modulus of the substrate (as is the case with SIN, SION, or TIWN on
GaAs). While these equations are valid for the initial description of stress distribution
in the substrate, they ignore the effects of strain relaxation, leading to an inconsistency
in the description of stress. The inconsistency isthat as strain is developed in the
substrate, a corresponding amount of strain relaxation must occur in the film. Asthe
film stress near the edge is relaxed, it can no longer be unformly distributed, leading to
errors in the concentrated force approximation. Therefore, a more sophisticated model

isrequired.

Hu has shown that a distributed force can be described by:

Equation 4-22

where d; is the thickness of the adherent film and s: isthe film stressin the x-
direction. By convolution, the stress components in the film, as described by the

distributed force model, are:
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Equation 4-23

¥
-2d - ds,
s, = i (x=u) i fxdu
P [(xf u)2+ ZZJ
0
Equation 4-24
¥
-2d . ds
s = (w7 S
P [(X* u)®+ 22}
40
Equation 4-25
¥
72df (X* U)ZZ de
tzx: . 2. CU'X du
P [(X, u)®+ ZZJ
0

For wafer breakage problems, we are interested in the normal stress component sy,

when it istensile at the surface (z = 0). For the substrate surface stress,

Equation 4-26

¥
-2d ds
SX = f. 1 . f.x du
p (x=u) du
0

which can be solved by the method of finite differences [5]. This method requires

formulation of a grid to accurately characterize the integral. Since theinitial
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conditions of stress distribution is assumed to be a delta function, it is anticipated that
the stress distribution in the distributed force model will be sharper closer to the film

edge. Thus, anon-linear grid is most appropriate. The grid elements can be described

by:

Equation 4-27

which contains more elements closer to the film edge than far from it. The parameter
g isrelated to the precision of the solution and has been determined to be sufficient at
g=0.00005 for our purposes. The value of p isrelated to the magnitude of the finite

difference, which has been determined to be p=1.2 for a sufficiently accurate solution

at reasonable number of iterations.

NORMAL STRESS

The stress normal to the film edge, under the film is shown in Figure 4-3. For
example, 300 Angstroms from the film edge, and under the film, the substrate surface
stress is compressive, with a magnitude of approximately 100 MPafor afilm stress of
200 MPa. It should be noted that within 50 Angstroms, the continuum approximation
becomes increasingly less valid closer to the film edge. In thisregion, an atomic force
model would be required to accurately describe the local stress. However, for the
purposes of this research, knowledge of the magnitude of stress beyond 50 Angstroms
from the film edge is sufficient. The biaxial stress distribution is symmetric about the
film edge, with a corresponding tensile stress in the substrate developed on the side

which is not covered by the film.

49



Biaxial Stress
—0.45] T T

| | | | | |
50 100 150 200 250 300 350
Angstroms from Film Edge

Figure 4-3: Biaxial Stressin a GaAs Substrate dueto a SiN Film Edge, using d; = 2000 A, E; =
200 GPa, n; = 0.5, Ec= 89 GPa, and ns= 0.244. Normalized stress= s/ s;.

Biaxial Stress
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Figure 4-4: Biaxial Stressin a GaAs Substrate dueto a SiN Film Edge, using E; = 200 GPa, n; =
0.5, s=89 GPa, and ng=0.244. Normalized stress=s¢/ S;.

Superposition of stresses in the active region of the device requires that stress from

film edges relatively far from the passivation gate edge be evaluated, since the model
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predicts that film edge effects may extend several microns. Figure 4-4 represents the
model for normal stress out to about 1 micron, in terms of film thicknesses. Even at 1
micron (for a2000A SiN film), the film edge stressis 20% of the film stress. By
superimposing all stress from nearby device structures, the total normal stressin the
active region of the device is 40% of the film stress, or about 80 MPa. This suggests
that the local value of the normal residual stress from all sources (as-grown residual
stress @35 MPa, film edge-stress @80 M Pa, and bending stress @1 MPa) is about 116
M Pa.

NORMAL STRESSDISTRIBUTION NEAR THE GATE

A plot of the superimposed normal stresses, as calculated from our computer model, is
shown in Figure 4-5. The edge stressis represented by ared line for the SIN on the
left side of the gate, by the green line for the TIWN gate metal, by the blue line for the
SiN on theright side of the gate, and by the black line for the superposition of all
stresses. The stressis given in units of “normalized stress’ so that this plot can be
applied to any state of film stress. The materials constants used in this calculation are:
Esin = 200 GPa, ngiy = 0.5, Egans = 89 GPa, and Ngaas = 0.244, Eriwn = 590 GPa, and
Nrwn = 0.35. The film thicknesses used are: driwn = 700A and dgiy = 2000A. This
plot does not include the contributions from as-grown residual stress and bending
moments, which are additive macrostresses. They have the effect of moving the entire
plot toward the tensile side for net tensile macrostress and toward the compressive side

for net compressive macrostress.
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SHEAR STRESS

For dislocation generation and motion, we are interested in the shear stress component,
t . Inthe computer simulation shown in Figure 4-6, the red line represents the stress

distribution at 0.2 nm, the blue at 0.1 nm, and the green at 0.05 nm below the surface.

Gate Gate
Edge Edge

Tensile

Stress (Normalized Units)

Compressive

Distance (microns)

Figure 4-5: Superposition of normal strainsin gate-to-drain region. Normalized stress= s/ st.

52



Shear Stress

—0.05 -
\/-7

Normalized Stress

| | | | |
0 0.5 1 1.5 2 2.5 3
Film Thicknesses

Figure 4-6: Shear stressin a GaAssubstrate dueto SiN and TiWN film edges, using E; = 200
GPa, n; = 0.5, Ec= 89 GPa, and ns= 0.244. Normalized stress= s/ s;.

The importance of the shear stressis not only in its magnitude, but also in its
distribution. The presence of an appreciable shear strain extending several thousand
Angstroms from the film edge is necessary for the dislocation and kink motion, as
hypothesized by our power slump model. The distributed force model shows that this
shear stress is concentrated between 0.1 and 0.6 microns from the film edge at a depth
of 0.2 microns below the surface (the depth of the active region). For atypical SIN
film stress of 200 M Pa, this corresponds to a shear stress between 10 MPa and 16 MPa
in the region of interest. This magnitude of shear stress developed in the region near
the passivation edge is sufficient to cause dislocation motion in the active region of the

device.
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4-3 VERIFICATION OF THE STRESS COMPUTER MODELS

Computer models which accurately and precisely describe the state of stress are vital
to thisinvestigation (see Chapter 7). Therefore, X-ray topography experiments were

performed to independently verify the conclusions of the stress models.

As shown in Chapter 5, rocking curves verify that the GaAs substrates used in these
devices are “ideally imperfect”, with respect to their crystalline substructure.
Therefore, the width of the region (in terms of 2q) between no reflected intensity and
maximum reflected intensity of the Bragg peak is very narrow, according to dynamical
diffraction theory (on the order of 10 seconds of arc). For the GaAs crystals used in
this investigation, strains over 87 ppm (a stress of 9.6 MPa) will appear as white
regions [6], since this magnitude of strain will cause the local lattice to no longer
satisfy the Laue conditions. This contrast is used to verify the computer models of

strain distribution near device features.

Figure 4-7: Topograph of stressfields around device features. Thewhiteregionsare stressfields
exceeding 10 MPa. Thewhiteregion running vertically acrosstheimageisa crack.
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Since the white region of the topograph extends from the device edge until the stressis
less than 9.8 MPa, for the film stress of 78 MPa (as measured for this sample), the
contrast edge exists in the topograph at a normalized stress of 0.125. Asshownin
Figure 4-4, our computer model predicts that the strain field in the GaAs substrate
from a SIN film edge should extend 4.6 film thicknesses, or 0.92 +/- 0.1 nm. As
shown Figure 4-7, the width of the strain field extending from the passivation edge is
0.95 mm. Thus, the topograph verifies the accuracy of the computer simulation, within
the uncertainty of the strain field measurement. The same analysis was performed on
all devicesin thisinvestigation, with similar results. Thus, the computer models used
to calculate the stress distribution in the GaAs substrate due to film edge stresses are

believed to be accurate.
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Chapter 5
Single Crystal X-ray Strain Measurements

Since both device degradation and wafer breakage are believed to be dependent on
residual stress, it is critical that a suitable method of stress measurement for single
crystal GaAs be found or developed. After an exhaustive literature search, it was
found that current methods of stress/strain measurement either cannot be used to study
stress as a function of processing, cannot be used to study stress on fully processed
devices, or lack the precision required for thiswork. For example, strain gauge
measurements are only suitable for measuring flat surfaces and cannot be used for
process-induced stress measurements. This precludes their use on fully processed
devices, since the metallization and other structures on the device would interfere with
the measurement. Furthermore, the harsh conditions of device fabrication, such as
RTA and PECVD, prevent the use of strain gauges for process-induced stress
measurements since the device would be altered or destroyed in the process. Plate
bending measurements, which use phenomena such as birefringence or light reflection
to determine strain, are unsuitable for fully processed chips (due to their small size)
and some only provide semi-quantitative information. Other non-contact methods of
strain measurement, such as laser reflectivity or acoustic measurements, are generally
second order measurements of strain” and therefore are subject to fairly large errors
(typically exceeding 10 percent of the measured value [1]). These methods become
increasingly inaccurate in the presence of non-uniform strains (strain gradients), which
are expected to be present in the samples under investigation. Since only alimited
number of samples are available, a method of stress characterization with a high

degree of precision is desired to ensure statistical significance.

" These methods typically measure a materials parameter, such as changes in the index of refraction or
the velocity of sound, to deduce strain.
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It iswell known that X-ray methods provide afirst-order method of strain
measurement and therefore must provide a higher degree of precision relative to
second order methods. Using atypical diffraction geometry and single crystal
samples, stresses may be measured using a spot size of 2 mm or less, allowing X-ray
diffraction to evaluate stress on alocalized scale. However, no suitable technique for
measuring the complete state of stressin asingle crystal material by X-ray diffraction
was found. Strain interpretation by line shape analysis cannot be used for single
crystal strain measurements because the peak broadening effect of non-uniform strain
only exists for polycrystalline materials. Determining the peak shift of a diffraction
line can measure uniform stress, but only represents strain in the direction normal to
the crystallographic plane measured. X-ray topographic imaging can be used to
qualitatively study the distribution of non-uniform stress, but is not suitable for
guantitative evaluation of uniform stress since the angular range over which diffraction
occurs is extremely narrow . (Refer to Chapter 3 for more information about imaging

strain fields using X-ray topography.)

Due to the lack of a suitable strain measurement technique for single crystals, one was
developed as part of thisresearch [2]. Our single crystal strain measurement technique
IS non-destructive, characterizes the entire stress tensor, measures the near-surface

state of stress, and has a precision of 5% or better of the measured value of strain.

The Phi Analysis[3], atechnique to insure reliable residual stress data for
polycrystalline materials, was adapted to the case of single crystal materials and
incorporated into this research. The Phi Analysiswas used to insure that the data were
not influenced by non-stress effects, such as alignment errors or subgrain

mi sorientation.

" Since the Bragg condition is met in only a very narrow angular range for single crystal materials, all
but the smallest strains will not result in any diffracted intensity.
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Since a suitable technique for measuring uniform and non-uniform strain in the single
crystal GaAs samples cannot be found, such a technique was developed as part of this
research. The X-ray strain measurement technique for single crystal materials

involves several steps:

1. An assessment of crystalline quality is used to determine the misorientation
between subgrains and the degree of perfection in the single crystal sample using
rocking curves. Large subgrain misorientation will result in larger errors by
introducing uncertainty in the orientation of the crystallographic planes used to

determine strain.

2. Anexperimental designis performed to select the proper combination of
diffracting planes. Strain must be determined in a minimum of 6 independent

directions, but these independent directions cannot be selected arbitrarily.

3. Data acquisition is performed to determine diffraction peak shifts from the stress

free value. Profilefitting is used to determine peak location.

4. A determination of data reliabilty is performed to determine whether the stress
tensor is consistent with strain distribution models and whether the data are
affected by non-stress effects. This quality assessment of the data uses the Phi

Analysis, modified for the case of single crystals.

5. Strain gradient corrections are performed to improve stress distribution
interpretation. These corrections are based on the strain distribution models
presented in Chapter 4 and on strain distribution models used in polycrystalline

residual stress theory.
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5-1 ASSESSMENT OF CRYSTALLINE QUALITY

Prior to strain measurements, an assessment of crystalline quality is performed to
insure the accuracy of the strain study. Specifically, rocking curve data are generated
to determine whether substructure in GaAs single crystals would significantly affect
strain measurements. Subgrains may be misoriented relative to one another by as
much as ten degrees across the width of the sample. Large subgrain misorientation
will cause significant errors in the determination of the stress tensor, because it
introduces an error in the true value of the sample orientation relative to the diffraction
vector. The reader isreferred to a paper by Jo and Hendricks [4], in which thiserror is
derived.

A study was performed to determine substructure effects on the stress characterization
of the samples used in thisinvestigation. This study was performed using bare wafers.
To extend these results to other samples, the assumption must be made that the
subgrain boundaries of the samples are immobile so that the substructure is not
affected by the processing conditions endured by the wafer during device fabrication.
Thisis reasonable when one considers that these crystals are ionic/covalent in the
nature of their atomic bonding, making the free energy required to move or change the

nature of the substructure very large [5] .

Asshown in Figure 5-1, arocking curve is obtained by orienting the sample for a
Bragg reflection and rotating the crystal about the omega axis. As each subgrainin
brought into the proper orientation for Bragg reflection, a plot of intensity versus
omegais produced. A crystal with no subgrain misorientation would have avery
narrow diffraction peak with aFWHM of less than afew seconds of arc [6]. However,
since our diffraction system (a Scintag PTS) uses non-parallel beam optics, the

minimum width of the rocking curve may be determined by the detector slit width.

* 1t will be shown, however, that individual dislocations can move through the crystal lattice under
very special circumstances. This does not affect the size or distribution of subgrains, however.
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For the 0.01 mm and 0.02 mm slits on the detector, the width of the diffraction peak
due to divergence is 0.057 degrees, or 3.42 minutes of arc. Thus, the minimum
subgrain misorientation that our system can detect is 0.057 degrees. (Subgrain
misorientation does not become significant until it reaches a maximum value of
approximately 1.0 degrees, assuming that the subgrains are randomly oriented about
the surface normal direction and are small relative to the spot size of the incident

beam.)

Figure5-1: Diffraction Geometry for Rocking Curves. |, =incident beam, I, = diffracted beam,
g = Bragg angle, W= rocking angle.

As long as the maximum subgrain misorientation is less than 0.057 degrees, and is
randomly distributed, then at least during some portion of the rocking curve, the entire
diffracted intensity from all of the subgrains will be incident on the detector. In this
region, the intensity profile as a function of rocking angle will be constant, assuming a
uniform intensity distribution from the source. If the intensity distribution from the X-
ray source is not uniform, asis usually the case, variation in the otherwise constant
intensity region of the rocking curve will be observed. Thisvariation is primarily due
to the polycrystalline nature of the target and the use of non-parallel beam optics.
Thus, even if the subgrain structure is perfectly randomly distributed with respect to

misorientation, intensity variation will be observed in the rocking curve. The variation
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of intensity from the incident beam can be distinguished from true subgrain effects

since the variation from the source will be the same for all samples.

Figure5-2: Typical Rocking Curve Data for the GaAs samplesused in thisinvestigation.

All rocking curves measured for a variety of bare and passivated samples are identical
to Figure 5-2. The rocking curve width of Figure 5-2 shows that the subgrainsin all
samples measured are not sufficiently misoriented to cause significant error in
macrostrain calculations. As previously discussed, the small variations in the regions

of maximum intensity are due to intensity variation from the source.

61



In addition to the rocking curve measurement, a measurement of the diffracted
integrated intensity relative to the incident beam was made. Thisinformation, in
combinaiton with topographic data, can be used to determine the degree of perfection
in the single crystal, and therefore, determine the effective sampling volume of the
stran measurement technique. The goniometer was moved to g = 0 so that the incident
beam directly entered the detector, and the incident intensity was measured. A GaAs
sample was then placed in the sample holder and the goniometer moved to
20=126.65°, which isthe Bragg angle for the 533 plane. The data for the experiment
are shown in Table 5-1. Relatively large detector slits were used to insure that the

entire diffracted beam was measured.

Table5-1: Datafor Diffracted Intensity Experiment. |4 isthe diffracted intensity
from the 533 plane and |, istheintensity from the incident beam (Cug,). Slit
widths: source side, 0.2 mm, 0.1 mm, detector side: 0.5 mm, 0.3 mm.

SAMPLE Passivation In/l,
1 Bare 0.45
2 Bare 0.39
3 Bare 0.41
4 Bare 0.50
5 Bare 0.41
6 2000A SiN 0.35
7 2000A SiN 0.38
8 2000A SiN 0.55
9 2000A SiN 0.42
10 2000A SiN 0.46

The data show that the value of | 4/1,is0.43 + 0.04, and that there is no significant

difference between the bare and passivated wafers, with respect to diffracted intensity.
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Theoretically, the diffracted intensity from an ideally imperfect crystal is 100% of the
incident beam. The diffracted intensity from an ideally perfect crystal is
approximately 10% of the diffracted beam. The value for our crystalsis
approximately 43% of the incident beam, indicating that primary or secondary

extinction is occurring. The

topograph in Figure 5-3 shows that the average subgrain size is approximately 70 nm.
Thisisarelatively large subgrain size, indicating that primary extinction is likely to
occur. Since the misorientation of the grainsis known to be less than 3.4 minutes of
arc by our rocking curve data, it is likely that secondary extinction is not as great a

factor as primary extinction.

Figure 5-3: Topographic Image of Typical Substructure for GaAs.

Since primary extinction is apparently significant, the diffracting volume is limited to
the near surface region of the material (less than roughly one micron) by attenuation in

the dynamically diffracting regions. In the regions near subgrain boundaries,
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kinematical diffraction theory applies, meaning that the sampling volume of the
measurement is roughly 20 microns. The subgrain boundary width, as seen in Figure
5-3, istypical around 3 mm. Since the subgrain radiusis about 35 mm, the percent of
kinematical diffraction in the diffracted beam should be about 8%. Thus,
approximately 92% of the diffracting volume depth is determined by attenuation. This

effectively limits the surface stress measurement to a depth of about 0.2 mm for GaAs.

5-2 EXPERIMENTAL DESIGN FOR STRAIN MEASUREMENTS
IN SINGLE CRYSTAL GaAs

Strain is determined by measuring the location of the diffraction peak for an hkl plane
and subtracting the measured value from the stress free value. After applying the
appropriate direction cosines, the data from several hkl planes are used to calculate the

strain tensor.

To maximize peak shift sensitivity to strain, high g angles should be used. This can be
shown by differentiating of Bragg's Law and finding the maximum value of Dq.

| =2dsing,
0 = 2Ddsing - 2dDqcosq,
therefore,
Dqg = Dd/d tang = etanq

For a given strain, Dg becomes larger as tanq becomes larger. With thisin mind, high

index planes were selected for strain measurement. Table 5-2 shows the planes

selected to determined the strain tensor for al samplesin this investigation.
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Table 5-2: Goniometer anglesfor various planesin a (100) oriented crystal

Plane 2q c F

(444) 141.406 54.74 45
(4-44) 141.406 54.74 135
(44-4) 141.406 54.74 225
(4-4-4) 141.406 54.74 315
(533) 126.653 40.32 45
(5-33) 126.653 40.32 135
(53-3) 126.653 40.32 225
(5-3-3) 126.653 40.32 315
(620) 119.048 18.43 0

(6-20) 119.048 18.43 90
(260) 119.048 71.565 180
(2-60) 119.048 71.565 270

Although 6 independent directions must be measure to determine the 6 values of the
strain tensor (in cubic systems), the planes must be selected such that the strain tensor
is calculated from data representative of the normal and shear strains. For example, if
the planes were selected such that all phi values were n + 90°, where n is an integer,
then only strain in orthogonal directionsis represented. In this case, the shear strains
would not be correctly calculated. To minimize errors, at least one third of the planes
selected should be different from the others by 45° in the phi direction.

The number of planes which must be measured beyond the minimum (6 for cubic

systems) is afunction of the goniometer and sample alignment precision, and the

counting statistics error. For the instrument used in this study, goniometer and sample
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alignment uncertainty were not found to cause significant error. Reflections of the
higher order peaks were of sufficient intensity to make the counting statistics error 7
ppm or better. The excellent separation of K ,; and K, for al diffraction peaks
measured made a Stokes correction unnecessary, thus improving peak position
calculations. Due to the shape of the diffraction peaks, a Pearson-VII profile fitting

routine was used to determine peak position.

A total of 12 independent directions were measured (see Table 5-2), resulting in a
maximum mean error of 5.3% of the value of any component in the strain tensor. It
was determined experimentally that the improvement in precision by measuring more
than 12 planes did not warrant the additional time required to run the experiment.
Analysis of the data was performed on a personal computer using routines developed

by the authors in the software package MathCad 6.0.

As part of these computer analyses, the least squares method [7] was used to calculate
the strain matrix. For aset of n linear equations, the following matrix notation may be
used:

Fni=AnmXm1+ Enz
where F = es3 in the laboratory coordinate system, A isthe design (transformation)
matrix, X is avector representing the six components of the strain tensor, and E
represents measurement error. The components of the design matrix are the termsin
the well-known strain equation given by Noyan and Cohen [8]:
€33 = (€11COSF + exsin’F + e,sin2F ) sin®Y + (e13c0SF + ex3sinF) sin2Y + eycos”Y
Thus, A1 = cos?F sin?Y, and so forth. For the special case of single crystals, the

design matrix is determined by the crystallographic orientation of the measured planes,

rather than the reflections obtained from randomly oriented grains and goniometer
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position, asis the case for polycrystalline measurements. However, if significant
substructure had been found in the rocking curve measurements, then the design
matrix would have to include the measured deviations, DY and DF, due to subgrain
misorientation - similar to the polycrystalline case. The greater the subgrain
misorientation, the greater the error in calculating macrostrain, as the microstrain
measurement of significantly misoriented subgrains no longer approximates
macrostrain. Fortunately, the wafers measured in this study did not show significant

subgrain misorientation, as previously discussed.

To determine the estimates of strain using the least squares treatment,

X = (ATPA)'ATPF

which requires calculating the inverse of a function of the design matrix (P isthe
weight matrix®). This leads to the aforementioned point about the selection of planes
used to determine strain: a combination of planes must be selected such that all
components of the strain tensor are represented. If thisis not the case, a column of
zeros exists in the design matrix, which results in a singularity when the design matrix
isinverted. Thus, planes must be selected such that for all { hkl} planes measured, the
F direction is different by 45° for at least one third of the planes. For example,
although the {444} and {533} planes are not different in F in the kl plane, the

{620} planes are, resulting in arepresentative design matrix.

5-3 DATA ACQUISITION (AN EXAMPLE)

The example given in this section is representative of al single crystal strain

measurements performed in this research. The presentation and analysis of these data

8 The data are assumed to be normally distributed with equal variances, and thus P = 1.
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isgiven in Chapters 7 and 8 in the context of the wafer breakage and device
degradation studies.

Table 5-3 israw datafrom a SION passivated GaAs sample. Stress-free values were
obtained from the JCPDS card file.

Table 5-3: Stress M easurement Example Data

Plane Stress-free2q | Measured 2q c F
(444) 141.406 141.463 54.74 45
(4-44) 141.406 141.472 54.74 135
(44-4) 141.406 141.328 54.74 225
(4-4-4) 141.406 141.337 54.74 315
(533) 126.653 126.681 40.32 45
(5-33) 126.653 126.599 40.32 135
(53-3) 126.653 126.677 40.32 225
(5-3-3) 126.653 126.584 40.32 315
(620) 119.048 119.101 18.43 0
(6-20) 119.048 119.003 18.43 90
(260) 119.048 119.111 71.565 180
(2-60) 119.048 119.021 71.565 270

The resulting stress tensor is:
$S11=20 sS;p=1.2 S13=2.3
Sn=12 Sxp=-21 sSxp=-17
S31=23 Sz3»=-17 sS33=50
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where all values arein M Pa.

The stress tensor is found by multiplying the strain tensor by the stiffness coefficient
tensor [9]. These elastic constants have less than a 5% error on any one value, which
is not incorporated into the calculation of the error matrix. A 5% maximum error in
the elastic constants result in an 8% maximum error in the stress tensor, which is

suitable for our purposes.

5-4 DETERMINATION OF DATA RELIABILITY

The Phi Error Analysis for single crystals was applied to the data. The Phi Error for
the previous example was found to be 1.3 MPa. Care was taken to properly align the
sample and goniometer, which indicates that the main contribution to the phi error is
from a non-representative diffracting volume. It isbelieved that the differencesin the
effective depth of penetration between the regions of the crystal which dynamically

and kinematically diffract are the primary contributor to the Phi Error.

It should be noted that the magnitude of the Phi Error is not related to the error bars of
the measurement. It isonly anindicator of the differencesin the quality of stress
measurements among samples. In thisinvestigation, the Phi Error is consistently
between 8 and 14 M Pa, indicating that all samples are aligned to the same degree and
that it is reasonable to compare stress data between any two samples. If alarge
variation in the Phi Error were to be found, that would indicate that the samples are
either not consistently and properly aligned or that the nature of the material changes

significantly (e.g., different subgrain structures among wafers).

The stress tensor calculated in the example of the previous section indicates a

compressive stress in one direction and a tensile stress in the other. This hyperbolic
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paraboloid shape (i.e., a potato chip shape) isfound in nearly every wafer measured.
This stress distribution has also been qualitatively observed by other expertsin the
industry (1. C. Noyen, private communication), and is due to residual stress from wafer

processing.

5-5 STRESS GRADIENT CORRECT IONS

Since the measurement presented in this chapter was performed such that the
diffracting volume was in the middle region of the wafer, no film edge effects are
expected for this sample. Therefore, the only stress gradients expected are from
bending momentsin the wafer (refer to Chapter 4). Since the majority of the
diffracting volume has been determined to be within the first 0.2 mm due to attenutation
effects, the stress gradient from bending moments will not significantly alter the stress
data. Inthis case, the assumption made is that the variation in stress within the

diffracting volume is minimal.

However, as shown in Chapter 4, stresses can vary quite significantly within the first
0.2 mm of the sample surface in the vicinity of device features due to film edge
stresses. The stress distribution in these regions can create stress gradients in the x-y
plane as well asin the z-direction. Correcting the data for the presence of these

gradients requires introducing a additional termsinto the stress equation [10].
€33 = €j (Z:O) + Kijt M

where K and n are constants related to the magnitude and variation of the stress

distribution and t is the effective depth of penetration of the X-ray beam. For

dynamically diffracting regions, t isthe attenuation coefficient. Since the depth of

penetration for dynamically diffracting regionsis small, gradients in the z-direction
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will not vary significantly, making the value of K small, and therefore having a
minimal effect on the stresstensor. Gradientsin the x-y plane, however, may

substantially affect the results.

The effect of strain gradients is determined by integrating, over the diffracting volume,
the difference between the measured strain (uniform strain plus strain gradient effects)
and the strain gradient calculated by theory. The distribution of stress gradients
around device features, and the topographic technique to verify the accuracy of the

computer models, was previously described in Chapter 4.

Since the device structures are the same for all fully processed chips, the strain

graident distributions should be the same (this does not imply, however, that the
magnitude of the stresses will be the same). Thus, once the correction for strain
gradient effectsis made, it can be applied to all devicesif the absolute value of the
stress gradient is known. The absolute value of the stress gradient can be determined
by topographic imaging, as described in Chapter 4. For the devices measured in this
investigation, the change in stress in the normal direction (F=0) istypically 12% of the
measured value. The change in the stress in the shear direction is typically 15% of the
measured value for the same conditions of beam size and location. All stress values

presented in Chapters 7 and 8 are corrected for the stress gradient effect, where

appropriate.
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Chapter 6
Dislocation Motion in GaAs

This chapter presents the theories of dislocation structure and motion in GaAs relevant
to thisresearch. It isshown that, even near room temperature, rapid dislocation
motion is possible under certain conditions. High doping levels, high electron flux,
and high shear strain reduce the energy barrier to kink formation and motion,
increasing the velocity of dislocations and forming deep levels in the bandgap of
GaAs. These deep level energy states are hypothesized to be the
generation/recombination centers described in Chapter 2. Experimental values
presented in this chapter are from several independent studies of dislocation behavior
in GaAs which investigate such phenomena as the effects of doping on the hardness of
GaAs wafers[1], the influence of photon flux on LED and laser degradation [2, 3],
and the effects of applied stress on dislocation structures [4]. While thisinvestigation
does not attempt to repeat these well-established results, it does assimilate these
findings into the new theories proposing that wafer breakage and device degradation
are dependent on the behavior of dislocations during passivation processing and

device operation.

A key element missing from the literature is a correct evaluation and interpretation of
the stresses which exist in the active region of the devices under investigation.
Because the literature investigations are mostly scientific research (rather than
engineering research), the results are presented in terms of general trends of
dislocation behavior as a function of stress. This generalization of the resultsis
primarily due to lack of knowledge of the state of stressin a particular device structure
or materials interface and the need to make the results universally applicable. Since
the state of stressin the wafers and devices under investigation has previously been

discussed, imaged, modeled, and measured in Chapters 3, 4, and 5, the results of the
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literature investigations can be interpreted more exactly in the context of power slump

and wafer breakage, which will be presented in Chapters 7 and 8.

6-1 DISLOCATION STRUCTURESIN GaAs

Normally, dislocations form in GaAs primarily as aresult of the thermal stresses
developed during processing of the single crystal boule and the subsequent sawing,
grinding, and polishing operations used to create the wafer. Several investigations [5,
6, 7] have identified that the stable dislocations in GaAs are 60° dislocations with a
Burgers vector of <110>. These dislocations are known to dissociate into 90° and 30°
Shockley partials, which istypical of other materials which have the FCC structure
(refer to

Figure 6-1). Dislocations primarily move on the glide set of the {111} family of
planes. Because GaAsisacompound, two types of dislocations exist, a and b
dislocations, with the a-dislocations ending on a plane of Ga atoms, and the b-

dislocations ending on a plane of As atoms.

Figure 6-1: Dislocation structuresin GaAs; (a) a 90° partial, (b) a 30° partial [1].
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6-2 DISLOCATION MOTION IN GaAs

Dislocations in GaAs move through the lattice by overcoming the Peierls barrier [8].
This barrier can be effectively reduced in the presence of an applied stress, high
electron flux, and high doping levels. This section will discuss these phenomenain

the context of the devices and wafers under investigation.

STRESSEFFECTSON THE EFFECTIVE PEIERLS BARRIER

Dislocation motion in GaAs, for temperatures less than approximately 0.6T ,, is
determined by the Pelerls potential energy barrier. Asadislocation attempts to move
along aglide plane, it periodically encounters rows of like atoms which repel the
moving dislocation by electrostatic force. To continue motion in the same direction,
the dislocation must overcome this electrostatic repulsion, which is the basis for the

Peierls barrier.

In FCC lattices, adislocation can reduce its free energy by dissociating into Shockley
partials; in this case, a 60° dislocation will dissociate into 90° and 30° partials.
Because these partials are separated, they will encounter the Peierls potential at
different times during movement over the barrier [9]. If the partials are separated by
an integer number of the distance between the maxima in the Peierls potential, both
partials will attempt to surmount the barrier at the same time, requiring twice the
energy of the Pelerls potential. Thus, the effective Peierls barrier has been increased.
Conversely, if the partials are separated by a distance equal to a(n + 1/2), where ais
the distance between the maxima of the Pelerls potential, as one partial moves down
the potential barrier, the other partial moves up, thus forming a saddle point in the

effective Peierls potential (refer to Figure 6-2). Thus, because of the formation of

75



Shockley partials, the effective Pelerls barrier is reduced, resulting in increased

dislocation velocity .

2.0 e

Figure 6-2: Energy diagram of the effective Peierls potential as a function of separation distance
between Shockley partialsin a covalently bonded FCC crystal. E, isthe Peierls
potential and E,, isthe effective Peierls potential, z/2 isthe position of the dislocation
asit movesfrom one Peierlsvalley to another, and y isthe separation distance
between partials[8].

Schoek [8] has shown that the separation distance of the partials can be changed in
covalently bonded materials (such as GaAs) when the applied stressis greater than 10 ™
m where mis the shear modulus (47 GPafor GaAs). Unfortunately, no datais
available for the separation distance in GaAs. Thisis not surprising since the change
in separation distance is on the order of half the Burger’s vector of the dislocation,
which in this case, isonly 2 A. Even the most sophisticated experiments have

difficulty in resolving changes in the separation distance of partials on this scale.

" Aswill be discussed later, an increase in dislocation velocity also corresponds to an increase in the
kink formation rate in materials such as GaAs. Thisisimportant for the power slump model discussed
in Chapter 7.
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However, although the exact separation distance is unknown, it is estimated by Shoeck
[9] that if the applied shear stressis greater than 4.7 MPain GaAs, the separation
distance between partials will be changed by at |east one-half the distance between the
valleys of the periodic potential. Thisimpliesthat in aregion which contains a stress
gradient varying from zero to 4.7 M Pa, the effective potential barrier will be reduced
below the Pelerls potential at some location in the region. For example, referring to
Figure 6-2, the maximum of the effective potential barrier is twice the Peierls barrier
for the stress-free separation distance (corresponding to y = 8.0 A and z/2 = 0.5). For
an applied stress of t = 4.7 MPa, the separation distance should increase by half the
distance between Peierls valleys, corresponding to a separation distance of y = 8.5 A.
The effective potential barrier reaches a maximum of approximately 1/4 the Peierls
barrier at z/2 = 0.25 for this partial dislocation separation distance. Thus the effective
barrier to dislocation motion has been reduced by a factor of 8. In the devices under
study, between 0.01 and 0.2 nm from a SiN film edge, shear stress values typically
exceed 4.7 MPa from the surface to a depth of 0.15 nm. Thisimplies that the potential
barrier to dislocation motion (which is approximately equal to the kink formation
energy) is reduced by approximately afactor of eight somewhere in the channel region

within 0.2 mm from a SIN film edge.

KINK FORMATION AND MOTION IN GaAs

Since it isunlikely that an entire dislocation line will attain enough energy to
overcome the Pelerls barrier at every point along its length, the dislocation movesin a
piecemeal fashion by the formation of double kink pairs. The segment of the
dislocation line that has surmounted the effective Peierls barrier will attempt to
increase its length parallel to the dislocation line by kink motion in this direction, as
shown in Figure 6-3. Thus, both kink nucleation and kink motion contribute to the

velocity of the dislocation through the crystal.
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Dislocation Motion

?

< / \ —» Kink Motion

Figure 6-3: Dislocation motion by kink pair nucleation and motion [1].

Kink nucleation and movement involve only afew atomic rearrangements, and thus

can be modeled using diffusion theory. Kink velocity is given by [10]

Equation 6-1

Vi = mtab/kT

where mis the kink mobility, t isthe stress, ais the lattice period, and b is the Burgers

vector. The kink mobility is given by

Equation 6-2

m= kaD/Ek

where k isthe “line tension” of the dislocation, D is the atomic diffusion coefficient,

and Ey isthe energy of the kink. The line tension is given by

Equation 6-3
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where my is the shear modulus, n is Poisson’sratio, | is the distance between Peierls

valleys, and r ¢ is the dislocation core parameter given by

Equation 6-4

where d is the core diameter. The value of d is estimated to be d = b(1-n)/2. Exin
Equation 6-2 is given by

Equation 6-5

where En, is the energy barrier to kink motion, also known as the secondary Peierls

potential. The velocity of the dislocation is given by

Equation 6-6

where Jis the kink nucleation rate given by

Equation 6-7

k
2yt iy
k-T
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where np is the Debye frequency and Eys is the energy of kink formation, which is
equal to the Peierls barrier under stress-free conditions. Under applied stress, the kink

formation energy is modified as

Equation 6-8

EKF = (EKF)t -0 - (m,t b3d3/2p)1/2

where d = b(1-n)/2 and t is the applied shear stress. Solving for vp,

Equation 6-9

v Bt B
pt0 "okt

For ionic/covalent materials, such as GaAs, the dislocation velocity is primarily
determined by the kink nucleation rate, as the barrier to kink motion is rather high
(approximately 2 eV [11]).

DOPING EFFECTS ON DISLOCATION VELOCITY

Dislocation velocity increases as a function of doping level in many semiconducting
materials, including GaAs. Other investigations [10, 14] have shown that the effect is
not dependent on the dopant used, but rather, on the resulting position of the Fermi
energy. Theincrease in dislocation velocity is believed to be due to the change in the
electrostatic force between charged kinks and atoms in the lattice. For the case of n-
type GaAs, it is assumed that the concentration of positively charged kinksis
negligible, and the ratio of negatively charged kinks to neutral kinks follows Fermi-
Dirac statistics as shown by Equation 6-10,
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Equation 6-10

™ (B By &V
= ep————
© \ KT

where Er is the Fermi energy, Exin IS the energy level associated with kinks that trap
electrons, and eV isthe electrostatic energy of the charged dislocation. Thus, the
concentration of charged kinks is dependent on the doping level viathe Fermi energy.
At high stresses and/or low temperatures (<0.6 T ,), the velocity of the dislocation is

controlled by the concentration of kink pairs, and therefore,

Equation 6-11

neg [E.-E. —eV+DE
L = exp EF Ekmk
VO \ KT

where DE is the difference in the energy of migration of kinks on the dislocation
between neutral and negatively charged kinks. For n-type GaAs, the activation energy
for Equation 6-11 was found to be 1.0 eV for a-dislocations [1, 14]. Here, the values
for eV and DE are not reported, but thought to be small. Under different experimental
conditions, eV isfound to have different values, making an exact determination
difficult. For Er =1.42 eV, and E,i« on a-dislocations = 0.7 eV, DE is determined to
be approximately -0.58 eV. The increase in dislocation velocity due to doping effects
is approximately a factor of 10 for Np = 5 x 10" /cc. Using a dislocation velocity of 5
x 10" cm/s for the intrinsic material, this corresponds to a dislocation velocity of 5.3 x

10°® cm/s for n-type doping.
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It should be noted that the dissociation of 60° dislocations into partials requires that
separate Eink values be considered for kinks on 30° and 90° partials. For a-
dislocations, Eyin for both types is thought to be near the center of the bandgap, giving
an average value of approximately 0.7 eV . However, for b-dislocations, Eyin iS
thought to be small for 90° partials. Since the energy level for the kink is not near the
center of the bandgap, it is not an efficient trapping center, thus making the doping

effect on b-dislocations negligible [10].

6-3 RADIATION ENHANCED DISLOCATION GLIDE

Radiation enhanced dislocation glide (REDG) is awell-studied phenomenon [11, 12,
13, 14] in which dislocation velocity is increased in certain semiconducting materials
when these materials are exposed to high electronic or photonic flux. Since this effect
isonly known to occur in covalent or ionic/covalent semiconductors, the dominant
mechanism for the observed increase in dislocation velocity is thought to involve the

formation of kinks.

Experimentally, the dislocation velocity is described by Equation 6-12 [14].

Equation 6-12

Vais = Vp + hvgexp(-(U-dE)/KT)

where the first term represents the velocity of dislocations due to thermal energy, h is
an efficiency factor (<1), vr is the recombination rate, and dE is the energy released
upon capture of a carrier inducing defect motion. Microscopically, the second term in
Equation 6-12 represents a mechanism in which carriers are captured at a potential

kink site and the absorbed energy is transferred to the local lattice, thereby reducing
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the effective energy barrier to kink nucleation. This model makes two major
assumptions. First, it is assumed that the energy level of the kink exists near the
middle of the bandgap so that the carrier capture processis highly efficient. Second,
the energy absorbed by the capture process can be efficiently transferred to the lattice
in the specific vibrational modes to influence kink motion. Regarding the first
assumption, the energy level for kinks on a-dislocationsin GaAsis 0.7 eV, satisfying
the requirement for the presence of a mid-bandgap energy level associated with the
defect. Regarding the second assumption, Sumi [cited in 14] solved the complex
problem of the distribution of vibrational modes around a defect in 111-V compounds
using numerical methods, and found that for GaAs (and several other semiconductors)
are well suited for such an energy transfer. Thus, the second assumption is also
satisfied.

Experimentally, several investigators have found a linear relationship between
dislocation velocity and irradiation intensities. Some consistent findings of these

investigations are [14]:

1. Dislocation velocity enhancement is only present during theirradiation. Thus, the

REDG effect does not permanently change the nature of the material.

2. Thereduction in activation energy is not afunction of irradiation intensity. This
implies afixed amount of energy transfer occurs to cause the effect. Thisis
consistent with the supposition that the energy absorbed by the trapping center

reduced the effective energy barrier to dislocation motion.
3. Thedislocation velocity increase due to irradiation is not a function of doping
levels. (However, this does not imply that doping levels cannot reduce the energy

barrier to kink motion by other mechanisms.)

4. Only kink formation is enhanced by irradiation, not kink motion.
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For the conditions found in the devices and wafers under investigation, the REDG
effect has been shown to increase dislocation velocity linearly with electron flux
intensity by more than 5 orders of magnitude. For the devices under investigation,
even the gate generation current of typically 2000 nA is sufficient to increase the
dislocation velocity in the depletion region of the device by 5 orders of magnitude at a
shear stress of 26 MPa. This corresponds to a remarkably high dislocation velocity of
102 cm/s. The magnitude of the channel current density is even higher, and therefore

dislocation velocity in the channel must be even higher than in the depletion region .
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Chapter 7
Power Slump Model

A model to explain power slump is developed in this chapter. Ideality measurements,
X-ray topographic images, and stress analysis are used to support the model.
Comparisons between the predicted power slump and the measured power slump show

that the model is accurate within the error bars of the predicted values.

7-1 EVIDENCE OF GENERATION CENTERSBY IDEALITY
MEASUREMENTS

The output power of the devices under investigation is stable up to acritical value of
the gate-to-drain bias voltage. Beyond this critical voltage, the device exhibits power
slump. Electrical testsfor several devices have shown that the major symptom of
power slump is an increase in the current flowing from the gate region, as depicted in

Figure 7-1.

Gate Current (mA)
-2000
-10000
V__ =20V V. =22V =
DG DG VDG 24V
-20000
0 3 6 9
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Figure7-1: Gate current of atypical deviceduring lifetesting. Therapid increasein the
magnitude of the gate current in theregion labeled Vp=24 V isthe major symptom
of power slump.
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In the power slump region, the thermionic current should be constant and the
generation component should initially be approximately 2000 mA, based on
calculations presented in Chapter 2. However, it is observed that after an initial
transient region, the magnitude of the generation component of the gate current
increases linearly with time, implying that the number of generation centers must
increase linearly with time. A typical power slumping device shows an increase in the
gate current by 6000 mA over 64 hours. This requires the formation of roughly 10*°
/cc new generation centers during the power slump test - a number five orders of
magnitude greater than the estimated pre-power slump value. It isdifficult to explain
how such alarge value of new generation centers could be produced if the generation
centers are point defects, especially since the energy level of these generation centers
must be near the center of the bandgap, as discussed in chapter 6. Itisalso difficult to
explain such alarge value of new generation centers from an increase in the surface
state concentration (as other authors have suggested [1, 2]), since the value of the
surface state concentration would have to be approximately 10*® /cm®. (The surface

concentration of atoms is approximately 10* /cm?.)

Theideality factor, h, isrelated to the type of current flow through the depletion
region formed in the semiconductor by the junction under forward bias. In theidea
case, h = 1, which represents no carrier recombination in the depletion region. As h
® 2, the recombination current becomes dominant. The recombination current is

given by Equation 7-1:

Equation 7-1

rec = 0SVrHNNiZL (€7 - 1),

where s is the effective capture cross-section of the recombination center, v 1 isthe

thermal velocity of electrons, N is the number of traps, n; isthe intrinsic carrier
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concentration, Z isthe gate length, and L is the gate width. The total current under
forward bias can be expressed as the sum of the thermionic emission current (refer to

chapter 2) and the recombination current, as shown in Equation 7-2.

Equation 7-2

IG — ZLA**TZe(-qu/kT) (qu/kT _ 1) + CIS nthNtnIZL(qu/ZkT _ 1)

Although Equation 7-2 cannot be factored, the gate current can be written empirically

as,

Equation 7-3

IG — IO (qu/hkT _ 1)’

where I, = ZL(A" T?%"D + gsny,Nin) and h is afactor (the ideality factor) related to
the weighted average of the thermionic and recombination current. Considering only

thermionic and recombination current”,

Equation 7-4

h =1+ lred(lrec + lthermionic)

such that when .. = 0, h = 1 and when | nemionic << lrec, h = 2. Comparing this
equation to the ideality current equation, the ideality factor thus represents the relative
contribution to the forward current of the normal forward current and the
recombination current. In other words, h isanumber between 1 and 2; the closer to 2,
the more recombination is occurring. Therefore, if the power slump is afunction of

carrier trapping induced by defects in the active region of the device (which includes

" Other factors, such as quantum mechanical tunneling and edge leakage effects, make an analytical
expression for the ideality factor difficult to formulate. In practice, the ideality factor can only be
empirically determined.

88



the channel and the depletion region under the gate), the ideality factor should increase

as the power slump occurs.

Electrical measurements show that an increase in the ideality factor occursin 80% of
the devices which exhibit power slump. An increase in the ideality factor occursin
only 9% of the devices which did not exhibit power slump. These results are
summarized in

Table 7-1.

Of the ten devices shown in Table 7-1 that did slump, only two SiON devices (1070,
1073) did not have a significant change in the ideality factor. Of the eleven devices
that did not slump, only one SION device (1014) had a significant increase in the
ideality factor (1.23 to 1.31) during lifetesting. The two sample t-test used to analyze
the data indicates a significant increase in the ideality factor after power slump, as
shown in Table 7-2.

Theincrease in the ideality factor associated with power slump indicatesthat it is
likely that new recombination centers are forming during power slump and that these
centers are electrically active, thereby increasing the recombination current component
of the gate current. Asisthe case with generation of carriers, the process of carrier
recombination is most efficient for energy states near the middle of the bandgap.

Thus, the changes in the ideality factor are consistent with the hypothesis that an
increase in the concentration of generation centersis responsible for the power slump,
since energy states that would act as recombination centers under forward bias would

also act as generation centers under reverse bias.
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Table 7-1: ldeality factor and power slump.

Sample |deality Factor |deality Factor Power Slump
(Passivation) Pre-power slump Post-power slump (mA/h)
(x.05) (.05
1007 (SiN) 1.23 1.36 272
1009 (SiN) 1.22 1.28 40
1011 (SiN) 1.21 1.35 260
FX7 (SIN) 1.12 1.35 13
FX10 (SiN) 1.19 1.44 3527
FX20 (SiN) 1.20 1.36 119
FX22 (SiN) 1.19 1.36 48
FX28 (SiN) 1.19 1.23 11
1070 (SION) 1.24 1.23 14
1073 (SION) 1.24 1.23 16
Table 7-2: Statistical analysisfor ideality data.
F-Test t-Test: Two-
Two- Sample
Sample for Assuming
Variances Unequal
Variances
Post- Pre-slump Post-slump | Pre-slump
slump
Mean 1.32 1.20|Mean 1.32 1.20
Variance 0.0052 0.0012|Variance 0.0052 0.0012
Observatio 10 10|Observations 10 10
ns
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F 418 df 13
P(F<=f) 0.022 t Stat 4.56
one-talil
F Critical 3.18 P(T<=t) one-talil 0.00026
one-tail
t Critical one-tail 1.77
P(T<=t) two-tail 0.00053
t Critical two-tail 2.16

7-2 RESIDUAL STRESS AND POWER SLUMP

Twenty two devices were electrically stressed under the same conditions by ITT
personnel to characterize power slump. We then determined the state of stress using
our X-ray stress measurement technique and made X-ray topographs at SSRL for each
device. This section provides the experimental details of the investigation, presents
datafor devices which did not exhibit power slump, and finally, presents data for
devices which did exhibit power slump. The magnification for all topographsin this
chapter is 53X.

EXPERIMENTAL DETAILS

X-ray strain measurements were made on 29 power amplifier circuits using the single
crystal X-ray strain measurement technique discussed in Chapter 5. An optical
micrograph of atypical deviceisshown in Figure 7-2. The measurements were
performed on a Scintag XDS 2000 PTS diffraction system using Cu K , radiation, and
0.01 mm and 0.02 mm detector slits. The (533), (444), and (620) families of planes
were used to determined the strain tensor. Peak positions were determined using the
profile fitting routines of Scintag’'s DM S software. The samples were manually

positioned to bring them into the appropriate diffracting positions.
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Rocking curves of all of the samples were measured to verify that the subgrain
misorientation was sufficiently low to allow the assumption of linear elasticity. All
samples had minimal subgrain misorientation. A typical rocking curveisshownin
Figure 5-2. Therocking curve data are verified by the excellent separation of theK 5
and K, doublet in all samples measured. Significant subgrain misorientation would

cause broadening of the K, peak, and poor separation (if any) of the doublet.

Once the positions of the K ,; peaks for each plane measured were determined, these
data were entered into a computer program written to calculate the stress tensor. The
stress tensors and the error matrices were calculated for each sample and transformed
to determine the octahedral shear stress (coincident with {111} for GaAs).

Presented with the stress data are X -ray topographs of each die. These topographs
were created using the L aue technique described in Chapter 3. The (533) planes were
used to image these devices at awavelength of | = 1.1386 A. The corresponding
absorption coefficient is m= 550 cm™ with a depth of penetration of approximately
0.93 nm, using

a =1.00° Indynamically diffracting regions, the depth of penetration is
approximately 9 nm due to attenuation. As explained in chapter 3, the regions which
are kinematically diffracting are regions where high dislocation densities exist.
Therefore, the images which show large dislocation densities are effectively sampling
a deeper volume than those images which show very few dislocation structures. In
thisway, increases in dislocation densities are more pronounced than would be

expected if the depth of penetration was constant for all images.
The light regions which appear to be device structures are in fact the strain fields

caused by the overlying metallization and film edge stresses. The topograph in Figure

7-3 is of adie which has not been mounted to a heat sink. The formation of
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dislocations, though minimal, is evident in the FET regions of the circuit, as pointed
out by the white arrows in the figure. The presence of pre-existing dislocationsin the

region under the FET is consistent with our theory of power slump.

Figure 7-2: Optical micrograph of the devices under investigation.
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Figure 7-3: X-ray topograph of unmounted die. The arrows point to dislocation structures.
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Figure 7-4: X-ray topograph of circuit after die-attach (SiN passivated). Thisimage represents
the most pronounced strains from the die attach process.
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Images of the devices tested have a background contrast pattern due to strains
developed during the die attach process. Figure 7-4 shows a die that has been attached
to aheat sink by an indium based solder. The pattern that appears to be in the
background is due to the microstrains from the grain structure of the solder on the
backside of the chip. Lighter regions are strain fields, while the darker regions, which
correspond to the position of the grain boundaries of the solder, are regions which are
unstrained. The effect of these uneven strain fields on the strain fields around the
FETsisto enhance the strain field in some areas (brighter regions) and decrease the
strain field in others (darker regions). Note that in the topographic images throughout
the remainder of this chapter, there is awide variation in the presence of the strain
fields due to the die attach process. Thisis possibly due to variability introduced by

human operators who manually solder the die to the heat sink.
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DEVICESNOT EXHIBITING POWER SLUMP

Thirteen of the twenty two devices tested did not exhibit power slump. Table 7-3
shows the stress data for these devices. Figure 7-5, Figure 7-6, Figure 7-7, and Figure
7-8 are typical topographs of the non-power slumping devices. For later comparison,
note the clear imaging of the gate fingersin the FET region of the chip. The clear
image indicates both a small strain field and relatively few dislocations.

Table 7-3: Shear stressdata for devices showing no power slump (Vpg=24 V).

Sample and Passivation | Residual Shear Stress
Type (+/- 2 MPa)
FX8 (SiN) 13

FX31 (SiN)
1017 (SiON)”*
1014 (SiON)
1010 (SiN)
1018 (SiON)
1071 (SiON)
1079 (SiON)
1072 (SiON)
1019 (SiON)
1076 (SiON)
1077 (SiON)
1079 (SiON)

=
N

O O] O] O] W| & & Of N| |

"It should be noted that device 1017 failed during testing. The
topograph of this device shows that the die is fractured (Figure 4-9). It
is unknown whether residual stress played arole in the destruction of
this device and was relieved after fracture. The device did not exhibit
power slump. It isassumed that the device failed testing as aresult of
the fracture.
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Figure 7-5: Topograph of device FX8; SIN passivated, no power slump. Noticethat the strain
fields associated with the gate regions are clearly imaged (horizontal whitelinesin the FET

region).

Figure 7-6: Topograph of device 1019; SION passivated, no power slump.
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Figure 7-8: Topograph of device 1077; SION passivated, no power slump.
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DEVICESEXHIBITING POWER SLUMP

The datain Table 7-4 and Figure 7-9 show the linear relationship between residual
shear stress and power slump. Note that the value of R?is0.92, indicating very good
linearity in the data (R* = 1.0 would represent a perfect linear fit to the data). It should
also be noted that devices 1007 and 1011 exhibited power slump at alower applied
bias than other devices. At 22V pg, absolute power slumps of 5.1 and 4.5 nA/h,
respectively, were measured. Other devices did not exhibit power slump until V pg =
24 V.

Comparing Table 7-3 and Table 7-4, it is apparent that the non-slumping devices had
much lower residual stress than the devices that did slump’. Aswill be shown in the
next section, a model to describe power slump explains the linear relationship between

power slump and shear stress.

Table 7-4: Residual Shear Stress (t) and Power Slump at 24 V.

Sample and Residual Normalized
Passivation Type | Shear Stress | Power Slump
(MPa) (mA/h)
1007 (SiN) 80 272
1011 (SiN) 75 260
FX20 (SiN) 57 119
FX22 (SiN) 50 48
1009 (SiN) 36 40
FX7 (SiN) 32 13
FX28 (SiN) 25 11
1070 (SiON) 35 16.5
1073 (SiON) 25 13.6

" Device FX10 was not included in the above analyses because its value of power slump was extreme
(3527 mA/h). Itislikely that this device experienced normal power slump, then overheated, causing
additional failure modes to occur.
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Figure7-9: Chart showing therelationship between residual shear stressand power slump.

Figure 7-10, Figure 7-11, and Figure 7-12 show stress tensors and topographs
representative of large, medium, and small values of power slump, respectively.
Figure 7-10 shows a device with a shear stress of 80 M Pa and a high dislocation
density in the FET region. The high strain fieldsin this device are evident by the large
areas of white contrast, as discussed in chapter 3. The small white linesin the FET
region are dislocation structures. Figure 7-11 shows a device with a medium strain
field, and a moderate dislocation concentration, compared to Figure 7-10. Thisis
consistent with the assertion that lower shear stresses in the active region of the device
will result in asmaller dislocation density. Figure 7-12 has arelatively small strain

field and even fewer dislocations compared to Figure 7-10 and Figure 7-11. However,




Sample 1007

-17 -80 30 03 27 .02
s=p-80 -17 -3 E=pP27 03 0
30 -30 28 02 .02 o1

Figure 7-10: X-ray topograph of a device exhibiting a large value of power slump.

Sample FX22
-10 -50 20 02 22 .02
s=p-50 -10 -2 E=P22 02 O
20 -20 18 02 02 01

Figure 7-11: X-ray topograph of a device exhibiting a medium value of power slump.
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Sample 1073 (SION)

-50 -25 10 02 12 .02
s=f-25 -50 -1 E=p12 02 .02
10 -10 90 02 .02 01

Figure7-12: X-ray topograph of a device exhibiting a small value of power slump.

dislocations than the non-power slumping devices shown in Figure 7-5 through

Figure 7-8.

7-3 POWER SLUMP MODEL

Data have been provided in section 7-1 which show a statistically significant
relationship between the increase in the ideality factor and the degree of power slump,
implying that generation centers are created in the depletion region during power
slump. The apparent increase in dislocation density associated with power slump,
shown in the topographs of section 7-2, supports the contention that these generation
centers are related to dislocations. Since the mechanism of dislocation formation and
motion in GaAsis primarily kink formation, and since kinks are efficient generation
centers in GaAs due to the proximity of their energy level to the center of the bandgap,

it is suggested that the generation centers are kinks on dislocations. To complete the
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model, a relationship between process-induced film edge stress and power slump is

now presented.

Summarizing the results presented in Chapters 2 and 6,

IG = Itherm + Igen

lihem = ZLA " T2g9FKT (Equation 2-2)
lgen = QZY U (Equation 2-12)
U= SVTHNce-(EC-EGC)/kT Ncc (Equation 2-7)
J = (2npt b¥KT)e B T (Equation 6-7)

where, the terms of these equations are defined in Table 7-5.

Power slump is defined (in this work) as the change in gate current as a function of
time. Since the thermionic emission terms contains no time-dependent values, the
value of power slump is given by the time rate of change in the generation current, as

shown in Equation 7-5.

Equation 7-5

Mo/t = Mgen/ Tt

Taking the time derivative of Equation 2-13,
Equation 7-6

Mgen/ it = gZY h U/t
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Table 7-5: Summary of termsused in power slump model.

Symbol Term Value Reference
Z Gate width 180 mm ITT-GTC
L Gate length 0.5mMm ITT-GTC
A** Effective 144 Alcm?K? calculated, chapter
Richardson 2
Constant
T Absolute 75°C ITT-GTC
temperature
F Effective Schottky | 0.57eV @ 24Vpc | caculated, chapter
barrier height 2
(typical)
Y Depletion layer 1mm estimated
width normal to
gate direction
h Depletion layer 0.15 mm ITT-GTC
width normal to
surface
s Effective capture 3x 10 cm? Schroder [2]
Cross-section
VTH Thermal velocity 2.32x10°cm/s | calculated, chapter
2
N¢ Density of statesin 4.7 x 10"/cc Sze[3]
conduction band
Ec Conduction band 143 eV Sze[3]
energy
Ecc Generation center 0.71 eV Schroder [2]
energy level
No Debye frequency 6.9x 10" /s calculated
b Burgers vector 3.99A calculated
[110]
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The change in the generation rate per unit volume as a function of time can be
expressed as Equation 7-7.

Equation 7-7

MU/t = svrNc e EF*T NG/t
Assuming a one-to-one correspondence between kinks and generation centers, the

change in the number of generation centers as afunction of timeis equal to the kink

nucleation rate per unit volume, J, as shown by Equation 7-8.

Equation 7-8

NG/t = J = (2npt bYY ZKT)e B/ T

Substituting Equation 7-6, Equation 7-7, and Equation 7-8 into Equation 7-5, an

equation to describe power slump is given as Equation 7-9.

Equation 7-9

Power slump = fllo/Tt = { 2hs vrunpb®Nee & Tt gk Ty /KT

or more simply,

Power slump = C t @5/ T

where C isafunction of applied bias (V o and Vps) viathe depletion layer width (h),

temperature (T), and the effective capture cross-section (s). The kink formation

energy is partially afunction of the REDG effect, which depends on bias viathe drain
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to source current and the gate current. However, since al of the terms which define C
are assumed to be the same for all devices which are biased at the same voltages and
operated at the same temperature, the only parameters that vary among the devices
tested are the shear stresses in the active region of the device and the kink formation
energy (which also varies with shear stress). For the bias conditions used in the
electrical characterization of power slump, and converting to power slump units of
mA/h for 80 FETSs per chip,

C = 390 mA/Pash.

The effective kink formation energy as a result of the REDG effect is estimated to be
0.63 eV for thisdevice at Vpg = 18 V, based on the data reported by Maeda [4]. As
the applied voltage increases, the applied field increases, thus increasing the REDG
effect and further reducing Ex;. Asthe kink formation energy decreases, the number of
kinks increase, thus increasing the number of generation centersin the depletion
region. Inthisway, the generation current increases, thus increasing the total gate

current, and decreasing gain.

Table 7-6: Comparison of measured and predicted power slump values.

Sample and Residual Predicted Measured
Passivation Type |Shear Stress| Power Slump | Power Slump
(MPa) (mA/h) (mA/h)
1007 (SiN) 80 288 272
1011 (SiN) 75 250 260
FX20 (SiN) 57 141 119
FX22 (SiN) 50 108 48
1009 (SiN) 36 58 40
FX7 (SiN) 32 47 13
FX28 (SiN) 25 31 11
1070 (SiON) 35 55 16.5
1073 (SiON) 25 31 13.6
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The accuracy of the power slump model is dependent on the accuracy of the stress

measurements (approximately 5% error due to uncertainty in the single crystal elastic
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Figure 7-13: Comparisons of measured and predicted power slump values.
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constants), the gate and drain currents in the channel (well characterized), and the
initial defect density (generally not well known, but small). Table 7-6 and Figure 7-13

compare the model with actual data.

The error barsin Figure 7-13 (b) represent the standard error of the predicted power
slump value (error bars on measured power slump values are shown in Figure 7-9).
These error bars were determined by considering the precision of the values obtained
from the literature, and the errors bars calculated for the stress measurements (as
discussed in chapter 5). Thetrendlinein Figure 7-13 (@) shows that thereis a small
error in the calculation of Ey¢, since the curvatures of the trendlines are not quite the
same. However, for shear stresses |ess than approximately 90 M Pa, despite the error
in Ex, the model still gives reasonable results since the measured values are (for the
most part) within the standard error of the predicted values, as shown in Figure 7-13
(b). Inother words, at stresses below approximately 90 M Pa, the dominant term in the
power slump equation is the shear stress, which is consistent with the observation that

the relationship between power slump and shear stressis amost linear.

Only one device (FX10) showed power slump well in excess of the predicted value.
The predicted value was 985 mA/h, while the measured value was 3527 mA/h. As
discussed in section 7-1, this anomal ous power slump value may be due to other
failure modes arising as a consequence of Joule heating in the active region of the

device.

Since the power slump model predicts that the degree of power slump is essentially
linearly related to the shear stresses in the depletion region of the device at low stresses
(<90 MPa), and exponentially related to the shear stress via the kink formation energy
at high stresses (>90M Pa), reducing (or eliminating) the shear stress in the depletion
region should reduce (or eliminate) power slump. Power slump can therefore be

reduced by decreasing the passivation film edge stress, which has been shown in
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chapters 3 and 4 to be the mgjor contributor to shear stress near the gate. As discussed
in Chapter 8, measurements have shown that SION induces less film edge stress than
SiN, which explains why 85% of the devices produced with SION passivation did not
show power slump (and the other 15% showed minimal power slump). This statement
does not imply that devices which did not power slump would never do so. However,
it does suggest that higher bias voltages are necessary to lower the kink formation
energy viathe REDG effect?, in order to create kinks at lower shear stresses and

induce power slump.

7-4 SUMMARY

A model has been presented that describes the power slump phenomenon. It explains
the bias voltage dependence and the dependence of the passivation type (viathe shear
stress) on the observed power slump characteristics. The model proposes that the
increase in gate current associated with power slump is due to the increase in the kink
concentration in the depletion region. The increase in kink concentration is a
complicated function of the applied bias, and alinear function of the shear stressin the
active region of the device. The model is supported by topographic imaging which
shows an higher dislocation density in the active region, and by ideality measurements
which suggest that an increase in the number of generation/recombination centers

occurs in power slumped devices.

We have shown that power slump appears to involve an increasing concentration of
dislocations in the active region of the device. We hypothesize that kinks on
dislocations are by far the most likely source of the increased generation current in the

depletion region. It should be noted, however, that other dislocation features such as

* Asdiscussed in chapter 6, large values of shear stress reduce the kink formation energy significantly.
To force SION devices (which have low shear stress) to power slump, the REDG effect must also
compensate for the absence of the shear stress reduction in the kink formation energy term.
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jogs or the dislocation core could produce generation centers in the depletion region of
the device. Whether the generation centers are kinks, jogs, or some other dislocation

structure, is left to be determined by future research.
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Chapter 8
Wafer Breakage

This chapter presents an investigation to determine whether process-induced residual
stress may be a significant factor in high wafer breakage rates. Residual stressis
measured in bare, SION passivated, and SIN passivated GaAs wafers using the single
crystal stress measurement technique described in Chapter 5. Fracture datais obtained
using the 3-point bend technique to determine whether passivation processing
decreases fracture stress. By determining residual stress and fracture stress, the
amount of applied stress tolerated by a wafer as afunction of passivation type can be
calculated. It isassumed that wafers which tolerate less applied stress are more likely
to break during device fabrication, thus leading to increased wafer breakage rates.
Datais also presented that demonstrates the nucleation of sub-critical cracks near film

edges. The magnification for all topographs in this chapter is 159X.

8-1 PROCESS-INDUCED RESIDUAL STRESS

From a production standpoint, wafer breakage is generally attributed either to human
and machine handling errors or to poor quality wafers from the wafer vendor. To
address the latter problem, mechanical bending measurements are performed on a
representative number of wafers before accepting the boule for device fabrication.
Therole of process-induced residual stressis not generally considered when
determining the cause of high wafer breakage rates and was therefore measured as part

of thisinvestigation.
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RESIDUAL STRESS ANALYSIS OF BARE AND PASSIVATED WAFERS

Residual stressesin twenty bare, twenty 700 A SION, and twenty 2000 A SiN
passivated 3" GaAs wafers were measured using the techniques developed in Chapter
5. The SION and SiN films were deposited using the same PECVD parameters used in
device production; T gepostion = 250 °C, applied field = 2 kV/cm at 13.5 MHz, carrier gas
flow rate = 2000 sccm. Concentrations of oxygen in the SION films is unknown, but
less than 10%, and the hydrogen content of SION and SiN filmsis unknown, but
believed to be small. Variation in oxygen and hydrogen content between depositions

is also unknown. The passivation films are amorphous.

The meanstesting in Table 8-1" shows extremely strong evidence that SiN passivated
wafers have more residual stress than SION wafers, which have more residual stress
than bare wafers. The mean values of stress, are found to be 25 + 7 MPafor bare
GaAswafers, 35 + 6MPafor SION passivated GaAs wafers, and 62 + 10 MPafor SiN
passivated GaAs wafers.

MACRO-RESIDUAL PROCESS-INDUCED STRESS

An experiment was performed to determine the origin of process induced macro-stress

in devices'. Only processes that affect the wafer stress on a macroscopic scale were

considered in this experiment (refer to Chapter 2 for device processing steps). Thus,

" F-tests are performed to determine whether the t-test should assume equal variances. If the value of F
exceeds the “F critical” value, then the variances are assumed to be unequal. The t-tests are used to
determine if the mean value of residual stress is different between two groups. If the magnitude of the
t-Stat is greater than the value of “t-Critical”, then the means are different. A negative t-Stat indicates
the mean of the first group is less than the mean of the second group. The P value is the significance of
the test; the smaller P is, the less chance that the test gives an incorrect conclusion.

" Macro-residual stress as opposed to process-induced film edge stress.
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Table 8-1: Statistical Analysis of residual stress data.

F-Test Two- t-Test: Two-Sample
Samplefor Assuming Equal
\Variances Variances
Bare SiON Bare SiON
Mean 24.9 35.4|Mean 24.9 35.4
\Variance 49.6 44.6|Variance 49.6 44.6
F 1.11 t Stat -4.84
P(F<=f) one- 0.41 P(T<=t) two-tail 2.19E-05
tail
F Critical one- 2.17 t Critical two-tail 2.02
tail
F-Test Two- t-Test: Two-Sample
Samplefor Assuming Unequal
\ ariances Variances
SION SiN Bare SiN
Mean 35.4 62.4|Mean 24.9 62.4
\Variance 44.6 110|Variance 49.6 110
F 2.46 t Stat -13.30
P(F<=f) one- 0.028 P(T<=t) two-tail 8.25E-15
tail
F Critical one- 0.46 t Critical two-tail 2.03
tail
F-Test Two- t-Test: Two-Sample
Samplefor Assuming Unequal
\ariances Variances
Bare SiN SION SiN
Mean 24.9 62.4|Mean 35.4 62.4
\Variance 49.57 110|Variance 4457 110
F 2.21 t Stat -9.73
P(F<=f) one- 0.045 P(T<=t) two-tail 4.35E-11
tail
F Critical one- 0.46 t Critical two-tail 2.04
tail
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processes, such as the channel implants which only affect the GaAs wafer in the 180

mm x 10 nm active region of the device, are not included in the investigation.

Five bare wafers were measured to determine the residual stress generated during the
crystal growth process and subsequent sawing, grinding and polishing operations used
to form the wafer. These wafers were then passivated with 700 A of SION using
PECVD, and the residual stress was measured again. The wafers were then subjected
to RTA at 925 °C to simulate the activation of the channel implant and the residual
stress was measured again. The wafers were then subjected to the “damage” or
“isolation” implant and the residual stress was measured again. The SION was
stripped, 2000 A of SiN was deposited, and residual stress was measured again.
Finally, the SIN was stripped and the residual stress of the bare wafers measured again.

Figure 8-1 shows that the greatest increase in residual stress occurs after the RTA
process. Significant increases in residual stress also occur after SION and SIN
passivation. These increasesin the residual stress cannot be due to bending moments
in the wafer, as discussed in Chapter 4. Therefore, these stresses must be due to
modification of the GaAs surface during PECVD and RTA. The fact that high residual
stress continues to exist in the GaAs wafer after the SIN is removed (after the complete
processing cycle) supports the contention that surface modification, rather than

bending moments, are the cause of the stress.
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Figure 8-1: Residual stress(s;;) asa function of various processing steps (Error bars= + 5%).

As discussed in Chapter 3, since alarge fraction of the X-ray beam used to determine
stress is dynamically diffracting, much of the sampling volume of the crystal isaonly
few atomic layers deep (approximately 9 nm for 533 reflections). Thus, the single
crystal stress measurement technigque would be sensitive to surface modification. A
possible explanation for the increased measured residual stress (other than plastic
deformation of the near surface layers) is that preferential loss of As atomsinto the
passivation layer may occur during RTA (or furnace annealing), causing a
composition-strain gradient in the near surface layers. Similar loss of As may occur
during SION and SIN deposition, but to alesser degree since these processes are
carrier out at much lower temperatures (250 °C compared to 925 °C for RTA or 827 °C
for furnace annealing). Since oxygen can react with Gato form aweak diffusion
barrier of Ga0, it is possible the diffusion of Asinto the passivation layer is reduced
for SION films compared to SIN films, resulting in less process-induced stress for
SION films. It should be noted that the stress values reported in Table 8-1 and Figure
8-1for SIN films are consistent (62 M Pa and 65 M Pa, respectively). However, the
SiN wafers represented in Table 8-1 did not undergo RTA. It is apparent that future
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research should address the microscopic mechanism of macrostress formation during

these processes, so that this stress may be minimized.

8-2 FRACTURE STRENGTH OF GaAs WAFERS

The theories of fracture in GaAs have been well-established [1, 2, 3], but thereisa
surprising lack of fracture data in the literature for GaAs devices. No data were found
to determine whether PECV D decreases GaAs wafer fracture strength, although one
study [4] presented evidence of reduced fracture strength in GaAs wafers due to
MOCVD of metallic films. No datawere found regarding the relationship between the
presence of microelectronic device structures and fracture strength on GaAs wafers.
As shown in Chapter 4, film edges can significantly increase the stresses near device
features, causing dislocation motion and accumulation in these regions at elevated
processing temperatures (as discussed in Chapter 6). Accumulation of dislocations can
nucleate sub-critical microcracks, which can lead to fracture of the wafer during
handling and thermal cycling. The effects of PECVD processing and device film
edges on fracture strength of GaAs wafersis explored in thisinvestigation.

EXPERIMENTAL PROCEDURE

Specimens were created from 3.5” wafers by a standard scribe and break techniquein
which a diamond stylus was used to scratch the surface, and the wafer cleaved such
that the large edge of the sample was parallel to [110]; the direction normal to the
sample surface is[001]. The samples were cleaved to approximately 1 cm x 6 cm and
are 650 mm thick. Specimens dimensions were measured after cleavage. Residual

stress was measured in the samples, using the technique discussed in Chapter 5. The
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samples were then placed in a 3-point bend apparatus, built in-house (refer to Figure 8-
2), and the deflection of the bent sample determined at fracture [5]. From the
deflection, the applied stress at fracture was calculated for a rectangular sample using
Equation 8-1.

Maximum Bending Force Micrometer
Occurs at Midspan \7
c
L

Fixed Supports

Figure 8-2: Schematic of 3-point bend apparatus.

Equation 8-1

s; = 12Ecd/L?

where E = E;10 = 114 GPa, L = 6 cm, ¢ = 312.5 nm, and d is the deflection at mid-
beam. Twenty samples each taken from four bare, four SION passivated, and
four SIN passivated 3" wafers were measured (5 samples per wafer). These data are
presented in Table 8-2 (bare GaAs samples), Table 8-3 (SION passivated GaAs
samples), and Table 8-4 (SiN passivated GaAs samples).
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Table 8-2: Breakagetest for barewafers.

Sample Residual Stress (MPa, s11) Applied Stress (MPa, s11)
1 25 70
2 30 82
3 15 67
4 18 85
5 16 80
6 21 62
7 21 66
8 24 76
9 26 72
10 45 50
11 27 47
12 30 60
13 18 78
14 28 69
15 24 74
16 21 81
17 32 72
18 25 75
19 19 80

20 33 57
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Table 8-3: Breakagetest for SION passivated wafers.

Sample Residual Stress (MPa, s11) Applied Stress (MPa, S11)
1 38 54
2 40 56
3 42 49
4 27 55
5 23 58
6 29 60
7 35 60
8 29 55
9 34 63
10 35 67
11 38 42
12 26 58
13 33 52
14 38 48
15 45 33
16 39 40
17 50 42
18 36 52
19 31 56

20 40 49
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Table 8-4: Breakagetest for SiN passivated wafers.

Sample Residual Stress (MPa, s11) Applied Stress (MPa, S11)
1 52 18
2 49 10
3 52 10
4 55 22
5 60 13
6 48 17
7 65 15
8 76 22
9 80 28
10 58 17
11 52 20
12 62 28
13 67 8
14 70 11
15 50 7
16 77 5
17 68 14
18 59 25
19 72 16

20 77 5
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ANALYSIS AND DISCUSSION OF FRACTURE TESTS

The data were subjected to statistical analysis to determine whether thereisa
difference in the mean fracture strength among the groups tested (bare, SION
passivated, and SIN passivated). The fracture stress was calculated as the sum of the
residual and applied stress at fracture, using the assumption that no plastic deformation
occurred during the bend tests.

The generally accepted representation of fracture data uses Weibull statistics [3],
which assumes the “weakest link” approach to data analysis. The weak link in this
caseisthe largest flaw in the crystal, which upon application of high stress, initiates
catastrophic fracture of the crystal. This theory assumes that the material under test
exhibits no plastic deformation before fracture, which is the case for GaAs at room
temperature. Weibull frequency plots of the data obtained in this investigation are
presented in Figure 8-3, Figure 8-4, and Figure 8-5.

Fracture Data for Bare Wafers
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Figure 8-3: Frequency distribution plot of fracturein bare GaAs samples.
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Fracture Data for SiON Passivated Wafers
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Figure 8-4: Frequency distribution plot of fracturein SION passivated GaAs samples.
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Figure 8-5: Frequency distribution plot of fracturein SiN passivated GaAs samples.
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The probability of failure, according to Weibull statistics, is given by Equation 8-2.

Equation 8-2

G = 1_ e_$smax'sminw

where s isthe stress of interest, smin iS the stress below which no fracture occurs, S max
is the stress above which all samples fracture, and b is the Weibull modulus. The
Weibull modulusisrelated to the slope of the distribution, and is a direct measure of
the distribution of flaws in the sample. A shift in the Weibull distribution to the left of
the above plotsisinterpreted as an increase in the critical flaw size. In other words,
larger flaws (sub-critical cracks) are present in the crystal, resulting in alower fracture
stress. To calculate the Weibull modulus for each sample type, the Weibull plots of

Figure 8-6, Figure 8-7, and Figure 8-8 were produced.
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Figure 8-6: Weibull plot for bare GaAs samples.
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Figure 8-7: Weibull plot for SION passivated GaAs samples.
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Figure 8-8: Weibull plot for SIN passivated GaAs samples.
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The Weibull moduli for the data are found to be: bare samples, b = 14.0, SION
passivated samples, b = 14.3, and SiN passivated samples, b = 6.7. These Weibull
dataindicate that a wider distribution in flaw size exists for SIN passivated samples

compared to bare and SION passivated samples.

Additionally, according to analysis of the Weibull plots, larger critical flaws exist on
average in SIN passivated GaAs samples (fracture probability = 0.5 at 88 MPa) than
SION passivated GaAs samples (fracture probability = 0.5 at 89 MPa) *, and larger
flaws exist in SION passivated GaAs samples than in bare GaAs samples (fracture
probability = 0.5 at 98 MPa).

Topographic imaging supports the contention that larger sub-critical flaws exist in the
passivated samples compared to the bare wafers and that larger sub-critical flaws exist
in SIN passivated samples than in SION passivated samples. The topographic images

are from different samples than those used in the fracture tests.

Figure 8-9 and Figure 8-10 show topographs of wafers with SIN and SION
passivation. Note the microcracks (white lines). Since none of the bare wafers
showed these features, it is assumed that the PECV D process introduced these flaws.
The flaws in Figure 8-9 appear to be larger than those in Figure 8-10, consistent with
the Weibull data which show that a larger critical flaw size isto be expected from SiN

passivated wafers.

* Although the mean fracture stresses of SiN and SION passivated samples are nearly equal, 16 of the
20 SiN samples tested fall below the mean value of the SiIN sample population. Thus, the Weibull plot
for the SIN samplesis more heavily weighted toward larger critical flaw sizes, compared to the SION
plot. Non-normal population distributions are to be expected for fracture data.
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Figure 8-9: Typical X-ray topograph of sub-critical crack formation in a SiN passivated wafer
(the largest flaw in thistopograph is 35 micronsin thelongitudinal direction).

Figure 8-10: Typical X-ray topograph of sub-critical crack formation in a SION passivated wafer.
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Dowling [7] shows that the ultimate strength (in tension) of a sample with an internal

flaw of size g is given by Equation 8-3,

Equation 8-3
Su = Ke (pa)™?

where K. is assumed to be K ¢ (representing the worst case scenario for fracture) and a;
is half the crack length in the longitudinal direction. K c for GaAsis reported in the
literature [5] as 310 kN/m*2. Using the fracture data of Figure 8-3, Figure 8-4, and
Figure 8-5, the ranges of flaw sizes are calculated to be 2.8 to 4.5 mm for bare samples,
3.1t0 4.9 nm for SION passivated samples, and 2.7 to 5.9 nm for SiN passivated
samples, using fracture probabilities of 0.1 to 0.9 as the lower and upper bounds to
calculate the range. The topographs of Figure 8-9 and Figure 8-10 show flaws that are
35 mm for the SIN passivated sample (corresponding to a fracture strength of 30 MPa)
and 19 mm for the SiON passivated sample (corresponding to a fracture strength of

40 MPa). Thus, the wafers imaged by X-ray topography appear to have fracture
strengths of approximately half the value of the samples used in the 3-point bend tests.

The inconsistency between the topographic images and the fracture datais likely due
to the relatively small number of samples used in the 3-point bend tests and variation
among wafers in the distribution of flaw sizes imaged by X-ray topography. Since the
fracture samples were from different wafers than those imaged by X-ray topography, it
isvery possible that the fracture samples have a different flaw size distribution than
those imaged. Furthermore, only 2 wafers were imaged, and it is very possible that the
flaw size distributions in these wafers are not representative of all wafers processed in
the same manner. Therefore, although both the fracture data and topographic imaging
indicate that SIN passivated wafers have larger flaws (and therefore lower fracture

strength) than SION passivated wafers, the data cannot be considered conclusive until
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alarger sample size of wafers for both fracture and topographic imaging are studied.
However, it does appear that PECV D processing of the passivation films does act to
reduce fracture strength relative to the bare wafers, requiring a more stringent proof

test to be implemented on the bare wafers prior to device processing.

8-3 MICROCRACK FORMATION DU ETO FILM EDGE
STRESSES

Since silicon has a higher fracture toughness than GaAs (K \c for GaAs of 310 kN/m*?

on the {110} cleavage planes, compared to a minimum K ¢ for silicon wafers of 820
kN/m*¥? on {111}), processing and film edge stresses generally do not induce fracture
in silicon substrates, thus, the lack of historical concern for process-induced stress.
However, as shown in Chapter 4, film edge stresses can become quite large in the
active region of sub-micron GaAs devices which have adherent nitride films (TiWN,
SION, and SiN films for the devices investigated in this research). Therefore, an X-ray
topographic investigation was performed to determine whether film edge stressis the
primary nucleation point for large sub-critical flaws. A 700 A SiON film was
deposited and patterned on a4” GaAs wafer to simulate the edge stresses in the active
region of MESFETSs. The width of the openingsin the filmis3 mm.

Topographic images show the accumulation of dislocations and formation of
microcracks at various stages in atest sample. (The features are from different areas
of the same test wafer). This sample was processed at a deposition temperature of 250
°C. The elevated temperature and possibly the REDG effect from the plasma may

contribute to dislocation motion, as discussed in Chapter 6.
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The topographic images show microcrack formation where large film edge stresses
exits (refer to Chapter 4). Figure 8-11, Figure 8-12, and Figure 8-13 show
concentrations of dislocation structures near film edges. Figure 8-14 shows how these
dislocations appear to coalesce into relatively large scale lineage features. Figure 8-15
shows how these lineages can grow into microcracks. The microcracks observed near

film edges are

Figure 8-11: Dislocation accumulation (a small amount) near device features (the distance
between the vertical white linesrepresenting the strain field from each passivation
edge is 3 microns).
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Figure 8-12: Dislocation accumulation (greater than previousfigure) near device features.

Figure 8-13: Dislocation accumulation (lineage formation) near device features.
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Figure 8-14: Dislocation accumulation (lineage formation) near device features.

Figure 8-15: Microcrack near device features.
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typically much larger than those observed to form as a consequence of the PECVD
process (refer to Figure 8-9 and Figure 8-10), and thus, are likely to be the initiation

point of fracture in wafers during device fabrication.

8-4 SUMMARY

SiN passivation causes higher residual stressin GaAs wafers than SION passivation,
and passivated GaAs wafers contain more stress than bare GaAs. RTA was found to
increase residual stress more than passivation processing. Passivation processing also
was shown to decrease the fracture stress of GaAs wafers, both by fracture test data
and indirectly by topographic imaging. Film edge stresses were shown by topographic

imaging to nucleate microcracks.

SiN passivation processing both increases residual stress and decreases fracture
strength, resulting in a reduction in the amount of applied stress that the wafers can
tolerate. Thus, devices with SIN passivation would seem more likely to fracture
during processing. SION passivated wafers contain less residual stress and a less
severe decrease in fracture strength compared to SIN passivated wafers, suggesting
that SION passivated wafers would withstand higher applied stress before fracturing.
Since the film stress of SION istypically less than the film stress of SiN, edge stress
will also be reduced in SION passivated devices, resulting in a reduction in microcrack
nucleation near device features. By all indications, SIN passivated devices would
appear to be more susceptible to breakage than SION passivated wafers. Thisimplies
that wafer breakage rates for SION passivated wafers should be lower than for SIN
passivated wafers. Additionally, the ability to predict wafer breakage is better for
SION passivated devices, as evidenced by the higher Weibull number for SION
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fracture data. Therefore, higher fabrication yield is to be expected for devices
fabricated with SION passivation.
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Chapter 9
Conclusions and Recommendations

9-1 CONCLUSIONS

The objectives of this research have been met as follows:

1. Methods have been developed to measure single crystal stressin GaAs wafers and
devices,

2. amodel has been developed to explain the power slump phenomenon, and

3. therole of process-induced stress on wafer breakage has been investigated.

SINGLE CRYSTAL STRESS TECHNIQUE

The successful outcome of the first objective gives the entire semiconductor industry a
new tool to investigate the effects of stress on single crystal materials. This technique
uses X-ray diffraction to measure peak positionsin single crystal materials. These
data are processed using an algorithm which calculates the full stress tensor and the
associated error matrix. Before measurements, the technique requires that rocking
curves are generated to insure that substructure in the sample does not make the
assumption of linear elasticity invalid. After measurements, the Phi Error Analysis
and stress gradient corrections are applied to the data using mathematical models

developed in this research. Stress gradient calculations were verified using X-ray

topographic imaging.
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THE POWER SLUMP MODEL

The successful outcome of the second objective gives the 111-V semiconductor
industry an explanation of a phenomenon which currently has no comprehensive
explanation. The model of power slump provides an explanation of the observed
changesin ideality, increased gate current, and the effects of different passivation
materials on the magnitude and threshold of power slump.

According to the power slump model, kinks form and migrate into the depletion region
of the device when the kink formation energy is reduced in the presence of alarge
shear strain. These kinks act as efficient generation centers which are responsible for
the increase in gate current. The increase in gate current causes a decrease in gain, and
therefore a decrease in the output power of the device. The mechanism by which the
kink formation energy decreases has been shown to be afunction of shear strain and
the degree of radiation enhanced dislocation glide. Since the REDG effect is
dependent on drain to source current, which is afunction of applied bias, the voltage

threshold at which power slump occurs has been explained.

Shear strain has been shown, by the strain measurements developed in this research, to
be afunction of passivation layer composition, and thus explains the observed
differences in the power slump behavior of SIN and SION passivated devices.
Increases in dislocation density have been qualitatively shown to increase by X-ray
topographic imaging, as a function of power slump. The model predicts that for shear
stresses |less than 90 M Pa, power slump will correlate approximately linearly with
shear stress, and at shear stresses greater than 90 M Pa, power slump will correlate
exponentially with shear stress via the energy of kink formation term, which is stress

dependent.
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For higher bias voltages, the model predicts that the kink formation energy will
decrease due to an increase in the REDG effect, thus reducing the “critical stress’ that
defines the transition between the linear and exponential behavior of power slump with
stress. In any case, the entire power slump characteristic has been shown to be
dependent only on bias voltage and shear stress, implying that the composition of the
passivation layer has no effect on power slump, except indirectly, in that SION films
induce less shear stress in the substrate than SIN films. Therefore, to reduce power
slump in the GaAs MESFETs studied in this investigation, it is necessary to reduce the

stress of the passivation film and the gate metal.

The shear stress measured in the FET is the superposition of edge stresses and
macrostresses, which implies that reducing macroscopic shear stress should also
reduce power slump. As shown in the topographic images, a significant shear strainis
developed during the die attach process, which undoubtedly exacerbates the power
slump. Therefore, minimizing stresses developed during the die attach processis also

recommended as future work.

With regard to reliability, the stress and topographic data indicate that there is great
variability in the amount of stress developed in any one device due to variation in the
film and die attach stress. This variability in the process makes it very difficult to
predict which devices will power slump and which devices won't, forcing the
manufacturer to either make unreliable devices or operate devices reliably at reduced
power levels. Even if the average value of process-induced stress cannot be reduced,
better control of the process will allow production of more reliable devices. To this
end, we suggest that manufacturer better control the PECVD parameters for
passivation layer deposition and automate the die attach process, to ensure more

uniformity in the stresses developed during device processing.
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WAFER BREAKAGE

The successful outcome of the third objective provides a better understanding of how
process-induced stress affects wafer breakage. X-ray strain measurements, developed
in this research, have demonstrated that stress in the near-surface layers under the
passivation contain a higher degree of stress than bare wafers. Furthermore, SIN
passivation has a higher stress than SION passivation. Stress measurements as a
function of processing show that deposition of SION, rapid thermal annealing, and SiIN
deposition are the primary causes of process-induced residual stress. Of these, RTA

apparently causes the greatest increase in stress.

Fracture stress measurements indicate that the fracture stress of bare wafersis
significantly greater than passivated wafers, and that the fracture stress of SION is
significantly greater than SIN wafers. X-ray topographic imaging has provided some
evidence that PECV D introduces, or increases, the size of subcritical flaws, thus
reducing fracture strength. The combination of increased process-induced stress and
decreased fracture strength reduce the tolerance of the wafer to applied stress. This
reduction in the tolerance of applied stress almost certainly causes increases wafer

breakage rates and therefore reduces fabrication yield.

This research has also shown that film edge stress can nucleate sub-critical cracks
around device features. These subcritical cracks are larger than those observed in the
wafer with no device features, and are therefore expected to make wafers which are in-

process even more fragile after device features are constructed.
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9-2 RECOMMENDATIONS

Several recommendations as aresult of this research are suggested.

1. A Taguchi or central composite design (CCD) should be implemented to
determined the optimal passivation layer processing conditions to minimize film
and process-induced stress (including die attach). Reduction of passivation stress
will reduce the magnitude and delay the onset of power slump, according to the
power slump model. Reduction of passivation stress will should increase the
amount of applied stress which the wafers can tolerate by reducing residual stress
in the wafer and reducing edge stress near device features. By minimizing
passivation film stress, both the problems of power slump and wafer breakage

should be simultaneously reduced.

2. Research is recommended to investigate how PECV D and other deposition
methods modify the surface of GaAs wafers. Knowledge of how the surfaceis
modified will provide insight into the microscopic causes of the near-surface strain
gradient measured in this research, and possibly provide processing solutions to

minimize this stress.

3. Additional investigation regarding the formation of kinks in the depletion region is
recommended. Understanding the distribution and concentration of kinksin the
depletion region as a function of stress and applied bias will allow refinement of
the model developed in this research and verify the data obtained by other authors.
Sectioning lifetested devices and performing transmission electron microscopy is
likely the best method for investigating kink behavior in these devices, although

136



advanced sectioning processes will likely have to be developed for investigations

at the sub-0.1-micron scale.

. DTLS measurements should be performed in conjunction with the recommended
TEM measurements to determined the exact energy levels of the kinks thought to
act as the generation centers responsible for the power slump. Thiswill provide
insight into the solid state physics of crystallographic defects in semiconducting

devices.
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