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ABSTRACT

Infrared Transmittance Study of GaAs:

Mapping Stress, Dislocation and EL2 Distributions

Paolo Dobrilla, Ph.D.
Oregon Graduate Center, 1988

Supervising Professor: John S. Blakemore

Semi-insulating (SI) GaAs is currently the object of
active investigation due to its applications in microwave
and digital technology. The 8I status of ‘“undoped” Gals
derives from the electrical compensation of acceptors by an
intrinsic donor labeled EL2. Thus the material uniformity is
expected to depend, among other parameters, on the EL2
spatial fluctuations.

GaAs substrates used in the integrated circuit industry
are usually grown by the 1liquid encapsulated Czochralski
(LEC) method, and are heavily dislocated. Dislocations may
affect the electrical uniformity of the substrates either
directly or indirectly, acting as sinks and sources for EL2.

Because of the high cost of SI GaAs, it is appropriate

xii



to develop nondestructives techniques to evaluate the
uniformity of the material and the relations between
different parameters such as EL2 and dislocations.

High resolution transmittance measurements of GaAs
wafers of customary thickness (0.5 mm) have been performed
in this study to gain knowledge of the EL2 concentration and
its spatial distribution in the material. A computer
controlled system has been originally developed to map the
EL2 distribution inferring 4its local concentration from
transmittance data in the 0.85-1.1 um range. The same
experimental set-up has then been used to map
nondestructively the residual stress in the wafers, as well
as to get gualitative information about the dislocation
pattern in chemically etched wafers.

Stress in LEC grown GaAs crystals produce dislocations
and may even lead to the cracking of the ingot. While the
stress distribution is usually destructively deduced <from
the dislocation pattern, the measurement system here
developed makes it possible to detect nondestructively weak
photoelastic interferograms equivalent to contours of equal
stress. These measurements have provided the first

experimental verification of theoretical +thermoelastic

xiii



models of the stress distribution in LEC ingots.

More than a hundred GaAs wafers from various commercial
suppliers have been mapped, and the results of this study
can be summarized as follows: (a) in only about 50% of the
samples the EL2 and stress/dislocation distributions are
qualitatively similar in that they have the same four-fold
crystallographic symmetry; (b) these extrinsic parameter
distributions appear to be independent, since each can be
individually detected in the absence of the other; (e) in
the presence of linear clusters of dislocations, commonly
known as lineages, enhanced EL2 can be found segregated
about them.

The spatial coincidence of ELZ and dislocations makes
it difficult to differentiate the effect they individually
have on devices built in GaAs substrates. A few wafers,
whose EL2 and dislocation patterns were known to be
different, have been processed to yield arrays of field
effect transistors (FETs). The results suggest that EL2
fluctuations, rather than dislocation nonuniformities, are
responsible for the electrical inhomogeneity of FETs

implanted in SI GaAs substrates.
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CHAPTER 1

INTRODUCTION

Undoped, semi-insulating (SI) gallium arsenide (GaAs)
is acquiring great importance because of the role it may
play in the future development of +the integrated circuit
(IC) dindustry. When SI GalAs is used as a substrate for the
fabrication of ICs it is possible to obtain good intrinsic
device insulation and 1low interconnecting capacitance.
Together with the high electron mobility of GaAs, these
features allow high clock rates in digital ICs and provide
high freguency capabilities for analog devices.

The high resistivity of undoped GaAs is due to the
electrical compensation of the main acceptor level, carbon,
by a deep donor labelled EL2. Shallower acceptor and donor
levels are present in smaller concentrations and have a much
less important effect on the Fermi level, which is then
locked at the EL2 midgap level (-0.8 eV below the conduction

band). This position of the Fermi level, as indicated in



Fig. 1-1, induces a very low carrier concentration in the
material, and hence its high resistivity.

The identity of ELZ2 is nect yet fully established. It
can be said nevertheless that EL2 is clearly an intrinsic
defect and not an impurity since, for example, it can be
created by implantation of different ions [1,2]. All
available data indicate that the EL2 concentration (NerLz) is
increased by a nonstoichiocmetric As excess during crystal
growth [3-9). As a result, it is generally assumed that EL2
is associated with the As antisite defect Asca [3,10,11],
wich is an As atom occupying the site of a Ga atom. Despite
this general agreement, some results are reported [12],
which make this identification not yet firm. Furthermore,
some aspects of EL2, such as its photoguenching behavior
[13], cannot be understood if one assumes it 1is composed
exclusively of the Asca defect.

The GaAs extrinsic optical absorption related to EL2
was identified by Martin [13] in 1981, and the calibration
of the absorption coefficient with respect to the defect
concentration was also given. Another calibration curve was
later proposed [14], which agrees with the first one in

shape and is in tolerable numerical agreement also.
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Figure 1-1: Concentration of carriers and resulting
conductivity in GaAs as a function of the Fermi level
position. The ELZ level, responsible for the low

conductivity of nominally undoped GaAs, is indicated.



Some researchers [e.g. 15,16] have utilized this
absorption band to reveal +the local concentration of the
defect by transmittance measurements in the near-infrared.
They did not attempt to correlate the EL2 distribution with
other electrical parameters of the material, and no
correlation of Nerz with device characteristies built in SI
substrates was possible either, due to the thickness (-5 mm)
of the slabs used to investigate the ELZ2 distribution.

The successful development of ICs in SI GalAs substrates
requires crystals that are extremely uniform with respect to
all relevant parameters. Among such parameters, this work
initially dealt only with the spatial uniformity of ELZ2,
detecting its local concentration by optical absorption
measurements in SI GaAs wafers of thickness customary for IC
processing ( 0.5 mm). The original calibration by Martin
[13] was and still is used, as in most investigations of EL2
based on optical absorption methods.

The detection of EL2 in the wvolume of a 2" or 37
diameter wafer of thickness ranging from 350 to 850 um is a
challenging problem, because of the very small optical
density of such a sample. In many cases the mean

transmittance is only 1% lower +than the maximum set by



reflection losses alone; a good resolution of local changes
of the EL2 content, which itself may be constant within 10%
of the mean value, requires a discrimination of 0.1%
variations of the mean transmittance. The required spatial
resolution, about 0.5 mm, calls for a sequential scanning
over about 2,000 points on the wafer, in a reasonably short
time.

The first crude attempt yielded a machine which was
capable of good resolution of wafer transmittance. Some 400
points in an area 40x40 mm2 were scanned in wmore than two
hours. Further improvements have produced a system that
scans about 2,000 points covering the entire wafer area in
less than 20 minutes under control of an Apple Il computer.
The experimental data are then plotted in the fashion shown
in figure 1-2.This apparatus and its theoretical foundatioﬁs
are described in detail in Chapter 2 of this dissertation.

For some time this was the only apparatus anywhere
capable of such performances. Similar set-ups have been
made, with our advice, at Varian Associates and Spectrum
Technology.

Practically all the wafers analyzed in the course of

this work are made of SI GaAs grown by the liquid



Figure 1-2: EL2 map obtained from infrared absorption
measurements. The local EL2 concentration is proportional to
the shading level of each pixel. The flats identify two

(110) planes.



encapsulated Czochralski (LEC) method [17]. With the LEC
proces, a GaAs crystal is slowly pulled from the melt while
crystal and crucible rotate, usually in opposite directions.
The major advantage of a LEC system is the abilty to grow
crystals in the [100] direction with high yield. ( Only
wafers cut parallel to the non-polar (100) plane are used by
the IC industry ).

The LEC technique produces heavily dislocated material,
with the characteristic dislocation pattern that can be seen
in Fig. 1-3. The dislocations are more numerous in the [100]
class of directions than in the [110] directions, with local
minima at about midpoint from the center. This distribution
was explained by Jordan et al. (18] in terms of stress
generated by the nonuniform temperature distribution during
the post-growth cooling phase.

Since the EL2 pattern is often found to be spatially
connected to the distribution of dislocations, it was deemed
necessary to have a capability to reveal, and possibly map,
the dislocation pattern in our samples. Dislocations are
usually revealed by etching the sample in a bath of molten
potassium hydroxide (KCH) [19); a dislocation intersecting

the wafer surface is seen as a concave pyramidal pit. The



Figure 1-3: Dislocation density map obtained from infrared
transmittance measurements. The dislocation density is lower
in the white lobes along the [110] directions.



dislocation density is then calculated counting the number
of pits seen 1in a micrograph of the surface at convenient
magnification [20].

This standard technique has been improved in the
counting process as well as in the actual etching phase. The
count of pits has been made simpler and more accurate on the
basis of the observation that the correct exposure of a
micrograph varies linearly with the density of pits. It was
later found that vapor from the KOH melt is energetic enough
to slowly etch an exposed GaAs surface, so that +the
destructive dip into the melt can be avoided.

The use of molten KOH is in any case far from Dbeing
convenient. Thus the A/B etch [21], a mixture of water,
hydrofluoric acid, silver nitrate and chromium trioxide can
replace KOH as selective etchant. The A/B etch can be used
at room temperature, and although these two etchants act in
different fashion, as will be discussed in Chapter 2, for
mapping purposes they give the same results. Once etchegd,
the wafer 1is optically mapped (at 1.45 um, typically, far
beyond the EL2-related absorption band) providing a
qualitative map of the dislocations.

Dislocations arise as a result of mechanical stress ir
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the material, and in the presence of stress even normally
optically isotropic erystals acquire. to some extent +the
optical properties of anisotropic crystals. This is the case
for gallium arsenide {22}, as well as for silicon [23]. As a
result, stressed wafers of GaAs grown by the LEC method show
photoelastic patterns when scanned with radiation for which
the material is transparent. The set-up normally used for
EL2 mapping can detect weak stress related interference
figures, cof the kind displayed in Fig. 1-4 when the wafer is
mapped at a suitable wavelength, yielding the first direct
confirmation of the thermoelastic stress models by Jordan
et al. [18] and by other researchers [24,25].

Like all the technigues used or developed in the course
of this work, these procedures are described in Chapter 2,
while results concerning the stress and EL2 distributioﬁs
are shown and discussed in Chapter 3.

The frequent coincidence of EL2 and dislocation
patterns has produced a number of proposals [5,10,15,26,27]
which causally link EL2 to the presence of dislocations by
means of a stress enhanced EL2 formation or production of
EL2 by dislocation climb.

From the data collected here, a conclusion has been



Figure 1-4: Interferometric contours of constant stress,
with four-fold symmetry.
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reached that dislocations play a secondary role in local
variations of NEL2 only through a gettering effect. In fact,
apart from a statistical coincidence between N EL2 and

dislocation density, no quantitative relationship exists
between NEL2 and dislocations within a wafer as well as from
wafer to wafer.

The generally accepted procedure pf testing wafers from
only seed and tail portions of each ingot (on the assumption
that such wafers are representative of the whole crystal)
produces results that do not show any general trend. On the
contrary when a series of wafers cut from eqgually spaced
positions along an ingot has been mapped, Ner2 may be found
to be quite constant for most of the length of the crystal,
while only the top and bottom wafers show significant
variations. Such results are discussed in Chapter 3.

The ability to map EL2 in thin wafers has provided a
possibility of correlating these maps with similar ones of
the performances of devices made in SI GaAs substrates, as
shown in Chapter 4. Due to the lack of sensitivity of ELZ
systems elsewhere, such c¢orrelation had never been made
before. Studies that were targeted +to +the effect of

dislocations on FETs lacked any knowledge of the actual
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ELZ2 distribution. While a group of researchers ([28-30]
consistently <c¢laimed a strong correlation betwsen FET
properties and vicinity to a dislocation, others [31] ruled
out that such correlation exists.

In fact when EL2 and dislocation patterns coincide -~
and in some cases they do - it cannot unambiguously be
proven that either parameter is the cause of changes of
performances of devices. Among the samples analyzed, some
were found in which EL2 and dislocation distributions are
decoupled, and EL2 then appeared to control parameters such
as the FET threshold voltage (Vin ) and saturation current
(Ids= ). The same researchers that claimed a cause-effect
relationship between dislocations and FET oparameters
[2B8-30], found such correlation less demonstrable when the
wafers were annealed at high temperature. Since it is known
that EL2, contrary to dislocations, redistributes wupon
annealing, this appears to confirm the arguments advanced in

this dissertation.



8.

14

REFERENCES

T. R. Jervis, D. W. Woodward, and L. F. Eastman,

Electron. Lett. 20, 820 (187%3)

T. Ikoma, M. Takikawa, and M. Taniguchi, Inst. Phys.
Conf. Ser. 63, 181 (1882)

S. Makram-Ebeid, P. Langlade, and G. M. Martin, in

Semi-Tnsulating TII-V Materials: Ksh-nee-ta 1884, edited

by D. C. Look and J. S. Blakemore, (Shiva, Nantwich, UK,
1984), p. 184
D. E. Helmes, R. T. Chen, K. R. Elliott, C. G.
Kirkpatrick, and P. W. Yu, IEEE Trans. El. Dev. 28, 1045
(1982)
D. E. Holmes, R. T. Chen, K. R. Elliott, and C. G.
Kirkpatrick, Appl. Phys. Lett. 40, 46 (1882)
M. D. Miller, G. H. Olsen, and M. Ettenberg, Appl. Phys.
Lett. 31, 538 (1877)

E. E. Wagner, D. E. Mars, G. Bom, and G. BR.
Stringfellow, J. Appl. Phys. 51, 5434 (1880)

L. Samuelson, P. Omling, H. Titze, and H. G. Grimmeiss,

J. Cryst. Growth 55, 164 (1881)



9.

10.

11.

12.

13.

14.

15.

186.

17.

15

M. O. Watanabe, A. Tanaka, T. Nakanisi, and Y. Zohta,
Jap. J. Appl. Phys. 20, L429 (1981)

K. R. Elliott, R. T. Chen, S. G. Greenbaum, and R. J.

Wagner, in Semi-Insulating JTI1J-V Materials:Kah-nee-ta

1984, edited by D. C. Look and J. S. Blakemore (Shiva,
Nantwich, UK, 1984), p.238
U.Kaufmann, J. Windscheif, M. Baeumler, J. Schneider,

and F. Kohl, in Semi-Insulating I11I-V

Materials:Kah-nee-ta 1984, edited by D. C. Look and J.

S. Blakemore (Shiva, Nantwich, UK, 1984), p.2486
B. K. Meyer, J. M. Spaeth, and M. Scheffler, Phys. Rev.
Lett. 52, 851 (1984)

G. M. Martin, Appl. Phys. Lett. 38, 747 (1881)

M. Kaminska, M. Skowronski, J. Lagowski, J. M. Parsey,
and H. C. Gatos, Appl. Phys. Lett. 43, 802 (1883)

D. E. Holmes, ER. T. Chen, K. E. Elliott, and C. G.
Kirkpatrick, Appl. Phys. Lett. 43, 305 (1983)

M. S. Skolnick, M. R. Brozel, L. J. Reed, 1. Grant, D.

J. Stirland, and R. M. Ware, J. E1. Mat. 13, 107 (1884)

R. K. Willardson, in Semi-Insulating ITI-V

Materials:Kah-nee-ta 1984, edited by D. C. Look and J.

S. Blakemore (Shiva., Nantwich, UK, 1984), p.98



18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

16

A. S. Jordan, R. Caruso, and A. R. Von Neida, Bell Syst.
Tech. J. 58, 593 (1880)

J. G. Grabmaier and C. B. Watson, Phys. Stat. Solidi,
32, Ki3 (1969)

Annual Book of Standards, Part 43 (Electronics),
Standard Test Method F47-70 (ASTM, Philadelphia, 1981)
p. 285
M. S. Abrahams and C. J. Buiocchi, J. Appl. Phys. 36,
2285 (1965)

C. W. Higginbotham, M. Cardona, and F. H. Pollak, Phys.
Rev. 184, 821 (1969)

S. R. Lederhandler, J. Appl. Phys. 30, 1631 (1959)

N. Kobayashi and T. Iwaki, J. Cryst. Growth 73, 96
(198858)

G. Szabo, J. Cryst. Growth 73, 131 (1885)

D. E. Holmes and R. T. Chen, J Appl. Phys. 55, 3588
(1984)

M. R. Brozel, I. Grant, R. M. Ware, D. J. Stirland, and

M. S. Skolnick, J. Appl. Phys. 56, 1109 (1884)

Y. Ishii, S. Miyazawa, and 8. Ishida, IEEE Trans. El.
Dev. ED-31, 800 (1984)

S. Miyazawa, Y. Ishii, 5. Ishida, and Y. Nanishi, Appl.



30.

31.

17

Phys. Lett. 43, 853 (1883)

Y. Nanishi, 8. Miyazawa, and Y. Matsuoka, in Defect

Recognition and Image Processing in IIT-V Compounds:

Montpellier, 13985, edited by J. P. Fillard (Elserier,

Amsterdam, NL, 1985), p. 225
B. W. Winston, A. T. Hunter, H. M. Olsen, R. P. Bryan,

and R. E. Lee, Appl. Phys. Lett. 45, 447 (1984)



18

CHAPTER 2

EXPERIMENTAL TECHNIQUES

4. Introduction

This chapter describes the experimental techniques, and
their theoretical foundations, developed in the course of
this study.

The experimental work can be roughly divided in two
parts, the first grouping together two non-destructive
measurements, i.e. EL2 and stress mapping, while the second
one describes the observation of dislocations in chemically
etched GaAs wafers.

The non-destructive measurements are based on the
apparatus for mapping the local near-infrared (near-IR)
transmittance ¢f thin GaAs wafers that was built in the
course of this research. This system has been utilized for
EL2 mapping, converting the sample transmittance at about

Tum into the equivalent absorption coefficient, and for
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residual stress mapping, from transmittance data at 1.37 um.
Sections B and C of this chapter describe these topics.

The second part (sections C, D, and E) consists of a
novel development of the standard etching +technique in
molten KOH, a simple quantitative measurement of the
dislocation demnsity, and the use of the IR transmittance
set-up for qualitative mapping of the dislocation

distribution.
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B. EL2 mapping

Near-infrared absorption measurements at room
temperature are feasible for the concentration determination
of deep flaw species in SI GaAs. The material does not have
to be SI, but it is necessary that the Fermi energy be far
enough from either band to ensure negligible competition
from free carrier absorption [1). That can be assured if the
Fermi level position (EfF) is controlled by the EL2 midgap
donor defect in a nominally undoped crystal.

The numerical information obtainable from transmittance
mapping of an entire wafer should be distinguished from the
gualitative information derivable from transmittance
microscopy in the near IR. In this case images can 5e
captured either on IR-sensitive film, or with a silicon
vidicon as the receptor array [(2-4], or with a silicon
Reticon device(5]. These detectors have a field of view from
a few mm?2 to a few cm2, depending on the magnification used.

Despite the usefulness {2-6) and visual appeal of a
transmission micrograph it serves a different purpose from a

quantitative whole-wafer map, and does not replace the
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latter. It is improbable in fact that all receptor elements
in a vidicon or other multi-element detector can be matched
closely enough, in linearity and responsivity, for a
guantitative measurement of the absorption coefficient a to
be made through the field of view- especially under the
stringent circumstances of at << 1. Only a selected
single~-element detector can resolve 0.05% changes of
transmittance in wafers as thin as 0.0356 cm.

It is assumed in what follows that a sample to be
mapped is of uniform thickness t, with faces that are plane,
parallel, and both polished. This is illuminated from one
side, with a flux of near-IR photons focussed on a small
area. The incident flux is almecst paraxial, using a
focussing lens of large f-number, so that the reflection
coefficient of concern is that for normal incidence.

Since the EL2 absorption is extrinsic and weak, we can
safely ignore any influence of the extinction coefficient k
on the reflectance; since k = (aA/47), the reguirement that
kK << 1 is equivalent to a¢ << 105 em~1 in the near IR range,
more than amply satisfied in our case.

Then the reflectance for normal incidence reduces to
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R=[((n-1)/(n + 1)]° (1)
at both the front (air:semiconductor) and rear
(semiconducter:air) faces of the sample, determined

exclusively by the real part n of the refractive index.
This normal reflectance is guite large for GaAs, because of
the high refractive index.

Figure 2-1 shows n as a function of hv for three
temperatures, in the immediate sub-bandgap spectral range of
GaAs. The figure reproduces data points and curves from the
prism refraction work of Marple {7]. These 300 K values were
shown by Stillman et al. (8] to be in good agreement with
those of two subsequent room temperature studies.

J.S8. Blakemore has pointed out, in a review of GaAs
properties [13], that the 300 K refractive index data are a

good fit to

= 2 “'l %
N39p(h?) = (7.10 + 3.78[1 - 0.18(h»)°)7 ") (2)
The curve in Fig. 2~2 rising from left to right shows

the variation with hy» of the room temperature normal

reflectance for GaAs, as provided by Eq. (1) when n3oe is
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modeled by Eq. (2). The abscissa here covers the spectral
range 0.8 <tw < 1.3 eV of the greatest concern for optical
transmittance mapping of midgap flaws in general and of ELZ2
in particular.

One wishes for +the illuminating photons to be

approximately monochromatic, so that a specific value of the

spectrally dependent «is appropriate. At the same time, 1t
is desirable that the spectral width be sufficient so that
the optical coherence length is small compared with the
sample thickness. The spectral width below which
interference effects can be detected is given by the

relation
2
AN = A/ (2nt) ( 3)

which identifies the period of the fringes (A\X) in terms of
wavelength. For a 0.5 mm thick GaAs wafer explored by
radiation at A = 1.0 um, Eg. (3) gives AN = 0.3 nm., which is
well below the spectral width of our experimental system.
When a paraxial incident photon flux Io satisfies these
conditions, the flux It emerging from the back side 1s not

affected by coherent interference considerations. Multiple
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internal reflections will still contribute towards It, but
their effects are determined by addition of intensities,
rather than of complex amplitudes. This results in a

fractional transmittance

2
T= (1~ R exp(-at)[1 - RPexp(-2at)] L (4)

which is a quadratic equation for exp(at ) , with the

positive root

exp(at) = [(1 - R)%/2T){1 + (1 + 4r°T?(1 - R)'l‘] ¥ } (5)

The minicomputer of the measurement system stores
Eas. (1), (2), and (5), so that for a sample of known t and
selected hy , a measured value of T can immediately be
expressed as the equivalent wvalue of «a.
That intermediate result is then converted into NgL2 by
means of assumptions about the ELZ optical cross-sections,
as discussed below.
The transmitted flux is severely attenuated if
absorption is powerful enough to make ot >> 1, but

measurement difficulties for +that situation are quite
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different from those of present concern. As indicated in
Table 1, measurements for Galds at a wavelength A = 1.10 um
and an optical thickness ot = 0.25 yield T = 0.40, and for
that comfortable situation the transmitted energy falls by
1% for an increase of 4% in at. This will be the case for an
undoped SI GaAs slab some 3 mm thick with Nerz = 1018 cm-3,
and that is why polished GaAs slabs with thicknesses in the
range 3-5 mm have been wused for the great majority of
transmittance studies reported for ELZ in this material
[2-6,9,10]7.

Suppose, howevern that the sample thickness 1is
considerably smaller, and/or that NeL2 is well below the
1016 cm-3 range. Eithey or both of these will move the
measurement situation towards the "optically thin" limitipg
conditions of wt<< 1. All values of T then lie within a

narrow range, with an upper limiting value

Toax = Q@ - R/(L+R)

( 6)

for a sample which has the unavoidable reflection losses,
but zerc absorption.

The variation of Tmax with hv for GaAs at 300 K is
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shown in Fig. 2-2, as the curve which falls as v rises.
This curve 1is drawn on the same premise as the curve for R
in that figure, assuming n of Eq. (2) in then evaluating R
of Egq. (1), and hence Tmaz of Egq. (6).

It will be seen from Fig. 2-2 that reflection losses
amount to about 50% for a polished GaAs sample, at any
near-IR wavelength. Table 1 quotes actual numbers for two
wavelengths (1.00 and 1.10 gm) that have been used in many

EL2 transmittance studies.

TABLE I

Wavelength (pm) 1.1000 1.0000
Photon energy (eV) 1.1271 1.2398
Refractive index n {Eq. (2)] 3.48642 3.5108
Normal reflectance R [Eq. (1)) 0.3047 0.3098
T, for at = O [Eq. (6)] 0.5328 0.528¢
T, for at = 0.05 [(Ea. (4)] 06.5021 0.4862
T, for at = 0.25 {Eq.(4)] 0.3990 0.3938

One can observe that (Tmax - T) = 0.00863 when at =
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0.01, which means that detection of a 10% change in optical
density under those conditions entails detection of a AT =
0.0006.

As for the optical absorption related to EL2, consider
"undoped" GaAs containing such defect, of concentration NO
in the neutral ground state, and Nt ionized by the presence
of some kind of acceptor level in the lower half of the gap.
Hence N9 + N+ = NerL2.

Then the total absorption coefficient, for a near-IR

extrinsic bY, can be written as

o +
@ =0 N+0 N +
nt TN T % (7)
The scaling parameter for the first term on +the right
side of Eq. (7) ison, the optical absorption cross-section
for neutral ELZ2 sites. The spectral form of this as measured

by photocapacitance was attribuited by Chantre et al. (11]

entirely 1o photoionization ( to the various conduction
bands ), though Kaminska et al. [12] showed a decomposition
of o into a photolonization continuum plus a Gaussian
intracenter transition band.

It appears necessary to write something about the two
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remaining terms on the right of Eq. (7). The middle term is

scaled by the photoneutralization cross—section<§¥ for the
process whereby an ionized EL2 center annihilates a photon
and creates a free hole;, while the final term «, lumps
together any absorption process unrelated to EL2. The term«,
must be quite small for room temperature measurements in
"undoped” LEC SI GaAs of good quality, at near-1IR
wavelengths. Free carrier absorption [1] can be ignored in
view of the SI status, and for +the wavelengths typically
used for EL2 mapping hv 1is large encugh to also make any
multiphonen lattice absorption negligible (1].

Should either of the wafer surfaces be inadeguately
polished, +this will cause optical scattering, of which the
consequence for the received signal can be regarded as
contributions towards o,. (This is, in fact, the basis of the
measurement of the dislocation distribution in etched
wafers). However, we have measured mirror-pclished SI wafers
from commercial sources with transmittance behavior at
different wavelengths suggesting that the quantity ¢, was
negligibly small.

A similar assurance cannot be given that the term ¢

P

will be a wvery small contributor towards a for SI GaAs,
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though numbers forap are elusive. Chantre et al. {11] show
the spectral form for apas deduced from photocapacitance
measurements (without absolute size information) having a
threshold near 0.6 eV, peaking near 0.9 eV, and then a
decline until about 1.25 eV. A further rise indicated for
hv > 1.25 eV might have been affected by extraneous
processes. However, more important here is how large op is
for 1.10 < hv < 1.25 eV. That assessment was attempted by
Martin [13], using photocurrent transient spectroscopy, and
he concluded that opm;ghg be as large as 0.30n at 1.17 eV.

Our measurements of the spectiral dependence of «x for
81 samples from various sources, and likely differing
extents of EL2 compensations, leads to a conclusion that the
scale ofob is likely to be substantially smaller that +that
of o

Knowledge of the true scale for thhus still awaits a
definitive study, whereas that for é}is reasonably firmly
based. Martin [14] measured the transmittance spectra at 300
K, 85 K, and < 10 K, for undoped GaAs samples which by their
negative Hall coefficient and intermediate resistivity

evidenced that EFr was appreciably above midgap. Thus these

samples should have had negligible free carrier absorption,
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but all EL2 sites could be expected to be filled with
electrons: N0 >> N+, to make the right side of Eg. (7)
dominated by the first term.

Figure 2-3 is based on Martin’s first figure [14], in
showing absorption coefficient data for 300 K and 85 K
Martin had provided with an arbitrary ordinate scale, but he

had also shown calibration of a versus N 0 consistent with

%(1.13 eV) = 8.5x10-17 emé for T = 300 K, and withan(1.24
eV) = 1.2x10 -18 em 2  both for 300 K and cryogenic
temperatures. These enable us to provide the numerical

ordinate scale shown in Fig. 2-3, with these two calibration
points marked by the pairs of broken lines. Of the curves in
Fig. 2-3, the 300 K one interests us most immediately for
the simplicity of room temperature EL2 mapping, in that
optical access over the entire area of a wafer cooled to
liquid nitrogen temperature presents a few experimental

complications.
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C. STRESS MAPPING

The thermal stress produced in a single crystal by the
temperature gradient during post growth cooling deforms the
crystal plastically and generates dislocations when the
shear stress exceedes a critical value. The fraction of the
stress relieved by dislocations at high temperature
reappears, opposite in magnitude, when the temperature
gradient fades at room temperature.

Brittle materials -such as GaAs- may even crack upon
cooling after growth. Apart from these extremes there is a
special need to produce dislocation-free GaAs of large
diameter for optoeslectronic devices, while the effect'pf
dislocations on FETs built on SI GaAs substrates is subject
of 1lively discussion and will be +treated in detail in
Chapter 4 of this dissertation.

Some detailed calculations [15-17] of the stress field
in cylindrical crystals grown by the Czochralski method have
been performed, but such efforts have not been matched by
similarly sophisticated experimental techniques. The usual

KOH etching process (18] and its improvements discussed at

and Si in their unstressed state.
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Crystals with 2 crystallographically equivalent
directions 3in one plane: these crystals, from trigonal,
tetragonal, and hexagonal systems are called uniaxial.
The plane containing the equivalent directions 1is
perpendicular to the (optical) axis of 3,4,and 6 fold
symmetry.

GaAs is described by the point group ZSm, which
means that the crystal enjoys (reversed) tetragonal
symmetry about [100)] directions, +trigonal about ([(111]
ones and mirror symmetry about [110] directions.
Accordingly the crystal is optically wuniaxial only for
stresses along either [100] or [111] directions

Crystals without 2 crystallographically equivalent
directions: defined as biaxial materials, this i=s the
case of GaAs subject to stress along arbitrary directions

{24].

The optical properties of the three types of crystals

are described by the index ellipscid. That for a crystal

belonging to the first class is just a sphere.

The ellipsoid

has two axes equal and one unequal in the case of wuniaxial
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crystals, and the three axes have unequal lengths in
crystals belonging to the third class. The terms uniaxial
and biaxial refer to the number of optic axes, that is the
number of diameters with the property that a plane section
at right angle to them through the center of the ellipsoid
is a circle. The character of the s0lid describing the index
of refraction of a material can be probed by observing the

Supposing these experimental conditicns are satisfied,
what is the appearance of a biaxial crystal?

An anisotropic crystal will divide an entering beam of

monochromatic light 4into +two beams having orthogonal
polarizations. With the exception of two specific
directions, identified by the optic axes, the beams will

propagate along different paths with different speeds. While
one of the two beams is called ordinary (since it behaves as
any ordinary light beam), the other is called extraordinary,
in that it does not follow Snell’s rule.

When viewing a biaxial crystal between crossed
polarizers with converging 1light entering the sample from
any direction not coincident with either optic axis it can

be shown with 1lengthy calculations [23] that points of
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minimum transmittance form a cross, when the polarizer axis
lies in the plane containing the optical axes, and two
hyperbolae with asymptotes in +the directions of the
polarizer/analyzer axes when the polarizer axis is at 450
from such plane. Images of this kind are shown in figure
2-4, where +the vpolarizer axis 1is parallel to the [011]
direction in part (a). and at 450 from the [011] direction
in part (b). From this figure, we are immediately able to
recognize that the optic axes lie in the (Oli) plane. Such
images can be understood with the aid of Fig. 2-5, where the
directions of polarization are identified. The shaded areas
represent parts of the sample where the polarization of
either ray 1is orthogonal +to one of the polarizers. An
uniaxial crystal would show a cross in both cases, although
its arms would always be parallel to the polarizer/analyzer
pair axes [25].

Because of the crystalline nature of the material and
the use of plane-polarized light, this measurement probes
the geometry of the index ellipsoid. The +topology of the
ellipsoid, determined by the point group describing the
material, does not change with the stress intensity or

direction, as long as it is not parallel to [100] or [111]
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ve
extraordinary rays in a biaxial crystal, from Ref. 25 . The
shaded trajectories correspond to +the points of minimum
transmittance in the experimental maps of Fig. 2-4.

oy
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classes of directions. Then a2 measure of the optical
characteristic of a normally isotropic crystal is quite
sensitive to the presence of stress, but does not provide
information about the local stress configuration. The
geometric features of the index ellipsoid are the
controlling factor, and this is constant through the sample,
being determined by the intrinsic properties of the
material. As a result, the symmetry of the pattern obtained
experimentally relates to the symmetry of the material, and
not to the symmetry of the stress field.

A more important experiment can be done exploring the
sample with a paraxial vuvnpolarized beam of monochromatic
light. While in the previous case the results are determined
by the combination of the (externally imposed) initial state
of polarization, by the interaction of the beam with the
material and by +the final state of polarization (again
partially controlled by the analyzer), now the polarization
of the beam is controlled only by the stressed material, no
external constraints being applied. As a result a map of the
local state of stress can be obtained.

Consider a paraxial beam of monochromatic light

impinging normally to the surface of a wafer of GaAs of
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thickness t. Given the orientation of LEC grown wafers, the
beam preopagation is then parallel to the [100] growth axis
that, as will be shown in Chapter 3, is one of the
principal stress axes.

Let the wavelength A of the radiation be such that no
absorption occurs in the sample.

Traveling in the sample, the originally unpolarized
beam will be split in two sub-beams, each polarized along
the direction of one of the two principal stresses in the
prlane perpendicular to the propagation direction. The index
of refraction of the material is stress-dependent so that
the two beams, traveling at different speeds will accumulate

a relative retardation which can be described as [21,23]

A= 2meln) - )/ (8)

in terms of the two in-plane indexes of refraction or

A= Z"ECD(Ol - 02)/X ( 9)

in terms of the principal stresses.

The relative retardation A is the magnitude of the
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relative angular phase shift developed between components of
a light beam propagating in the direction of +the third
principal stress. The term Co is known as the stress-optic

coefficient, Co = {(n_, - nz)/( o

1 - 02) (21].

1

The relative retardation A is then proportional to the
difference between the two principal stresses perpendicular
to the path of propagation of the light beam, this
difference being twice the maximum sustainable shear stress
T in the sample [21,23].

The third principal stress, having a direction parallel
to the path of propagation of the light beam, has no effect
on the relative retardation.

The stresses in a cylindrical boule of GaAs will be
shown in Chapter 3 +to be principal in a cylindrical
coordinate system. As shown in Fig. 2-6, then, within the
finite extension of +the exploring beam, the polarization

vector determined by (say) 0, in a portion of the beam does

1
have a component ﬂﬁeialong the polarization vector parallel

to o

5 in a different part of the beam. Accordingly

interference can be produced between these two components.
In presence of interference, the intensity of the light

reaching the detector is in general expressed as
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I=I1+I2 cos( Q) (110 )
so that I = Imin for cos( A ) = -1, or
2meCo (0, = 0,)/X = (2m + 1) ,m=0, 1, 2 ...(11)

Inverting Eq. (11), destructive interference will take
place at points of the sample where the difference between

principal stresses, or shear stress, progressively satisfies

=7 = A(2m + 1)/(4tC,) ( 12)

for a wafer of thickness t, explored at a wavelength A. The
coefficient Co = 1.5x10-20 cm2 dyne-! is the appropriate
stress-optic cofficient, as measured by Higginbotham et al.

in 1965 [24].
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wafer+center

Figure 2-6: The component omof the polarization vector is
parallel to o] , and the two beams can interfere. Similar
interference takes place between T and c’l‘.
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D. Infrared transmittance mapping system

The measurement system, whose physical configuration
can be seen 1in figure 2-7, is basically very simple: a
source of moderately monochromatic photons, a means to focus
these as a paraxial cone onto a small area of the sample,
collection and detection of the fraction transmitted, and a
method to translate the sample with respect to the optical
path.

The light source is a 40 W tungsten filament lamp
(quartz-iodine bulb), energized by a DC power supply with
remote sensing of the lcad voltage. The more conventional
constant current operation had at first been tried, but
proved inferior due to the lack of thermal stability of +the
sensing resistor. On the contrary, this constant voltage
operation provides a photon flux constant within 0.05%
after 1 hour of warmup time.

The lamp output is rendered ‘near-monochromatic”™ using
a grating monochromator, with a 675 line/mm grating blazed
for 1.00um , and for which the instrument has a direct
calibration over the 0.7 - 1.50 um range. With 1 mm slit

opening, a fractional spectral width (Ay/n = 0.012 is
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obtained for operation at 1.10 um Any higher order grating
output %s eliminated by a long-pass filter, with cut-off
wavelsngth at 0.78 um.

1.00 um and 1.10 uym have been yreported in the
literature as used for EL2 mapping; we have used both, with
the addition of 0.95 um for samples with very low EL2. A
wavelength of 1.37 pm has been used for stress mapping.

A number of different detectors have been tested: PbS

photoconductive, pyroelectric, silicon photovoltaic, until a
liquid N2 cocled Ge photovoltaic detector has proved to
guarantee the best performances.

Before photons can reach the detector, they must first
travel a path through the sample. The monochromator exit
slit in our system has been replaced by a circular hole, and
radiation emerging from this is focussed on the wafer, tc a
beam spot < 0.5 mm in diameter, with a converging cone of
optical aperture f/8 to provide paraxial conditions. Photons
transmitted by the sample are collected by a lens, and
brought to focuzs on the central part of the detector’s
receiving area.

Figure 2~8, a schematic of +the apparatus, shows the

sample wafer attached to a ‘“wafer translation stage",
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Computer, Display
and Plotter -

A/D Converter

Figure 2-8: Schematic of the mapping system. For operation
with polarized 1light polarizers are inserted between the
sample and the lenses.
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possessing several degrees of freedom. The X and Y
displacements of the wafer in a2 plane normal to the optical
path are effected by stepping motors assemblies having 100
mm travel range in 10 um steps, these movements being under
computer control. The c¢radle holding the wafer 1is also
rotatable to make the sample surface exactly normal to the
optical axis (alignment carried out by removing the
long-pass filter and using the reflection from the wafer of
the 2’ order grating output), and the sample assembly can be
electrically moved along the Z axis to the optimum focus.
After a 100:1 preamplification by a built-in amplifier,
the signal is fed into a tuned amplifier (Q factor = 5§)
peaked at +the chopping frequency of 830 Hz. The light
chopper is a small vibrating fork that, apart from being
extremely stable, provides a sinusoidal signal wifh
extremely reduced harmonic content. This results in the best
operational use of the following lock-in amplifier. Because
of the first narrow band amplification at this point of the
signal path, the measured signal to noise ratio is greater
than 80 dB. The signal 1is then processed by a lock-in
amplifier, whose cutput is a DC voltage proportional to the

rms value of the AC signal. This DC voltage is then acquired
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by the computer controlling the measurement by means of a 12

bit A/D converter.

The procedure developed for the analysis of a sample
wafer 1is as follows:

(1) the X-Y coordinates of the center of the wafer are
established with reference +to X-Y wvalues in various
directions at which a computer program recognizes the
wafer edge. The geometric center is so established to

50 um .,

(2) The transmittance Ito at the wafer center 1is measured,

with 200 values digitized, averaged, stored. The sample
is then translated out of the way, and the value of Io
similarly recorded as an average over 200 digitized
values. Thus the value T = Ito/I0o is now well known at
one location.

(3) The lock-in gain is now boosted by a factor G, which may
(depending on how constant EL2 is over the area) be set
to be 5,10, up to 1080. The lock-in offset control is
used to set its output to ZEero. This baseline
subtraction has the effect of freeing bits in the A/D
converter and thus increasing digitizer accuracy and

improving the overall signal to noise ratio of the



system by allowing relatively high gain operation.

(4) The wafer mapping can then begin. Our Apple 11
minicomputer stores digitized values AT of the amount by
which the lock-in output changes from zero as various
locations on the sample are visited in sequence.

The voltage range of ATl is of course proportional to
the factor G Dby which the lock-in gain was raised. During
the latter part of each 0.2 second dwell time at a
measurement location, 25 samples are collected for
digitizing. These values of AT can then be converted into

corresponding values of

T = (ITo + AT/G) /I, ( 13)
for the various locations in the chosen mapping array. Such
data can then be reexpressed as the absorption coefficient
through Eq. (7), and so to the “equivalent neutral EL2
concentration”. Use of the gain factor G in measuring the
change of +transmittance between the designated central
location and the various other locations is essential to
provide an increase in the precision with which N0 and its

spatial wvariations can be determined under "optically thin”
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conditions, to an extent that inevitably becomes eventually
limited by the detector noise.

The mapping sequence typically makes measurements for a
49x49 array at about 2000 locations, the order being from
left to right along rows taken 1in sequence from top to
bottom. The interval between points is 1 mm when mapping 2"
wafers, and is increased to 1.5 mm for 3" wafers. The 48x49
square grid is ideally overlaid on to the circular wafer,
and the controlling program ignores those points falling
outside the wafer surface. This point by point scan can be
completed in less than 20 minutes, by carefully timing the
translation motor instructions with respect to the lock-in
time constant (10 ms) and to the A/D conversion cycle.

One program, which has been compiled for faster
execution handles all +the available options: 2" or 3"
wafers, transmissicn mapping (for stress analysis) and
absorption coefficient mapping (for EL2 measurements).

When the scan is completed the set of data representing
either the local absorption coefficient, in units of ¢em -1,
or the <fractional transmittance, are stored on a floppy
disk, along with information identifying the sample. The

results are immediately available as a three shading map on
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the computer screen, as shown by Fig. 2-9; the data on the
diskette are then usually plotted on paper, as a six level
map of the kind shown in Figure 2-10.

This figure typifies the format with which all maps are
presented. Above the actual wafer map one can read, from top
to bottom, the identification of the sample, followed by its
diameter and thickness. Then the wavelength at which the
measurement was done 1is reported, as well as the mean
absorption coefficient across the wafer, the calculated mean
EL2 concentration and the experimental mean transmittance.
For +transmission maps mean absorption coefficient and EL2
are obviously not given. When information about EL2 are
pertinent, one can see below the wafer map the shading step
used for the map, in units of inverse cm, the lower and
upper shading levels, in inverse cm and EL2 concentration.

The two portions of straight line +that interrupt the
circumference of the wafer indicate the position of the
flats on the wafer: they are used as orientation marks,
since they are perpendicular to the [011] (major flat) and

[011] (minor flat) directions.
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TABLE 11

Symbols used in the EL2 maps, MV = mean value, ST = step

—
: x < My - 28T MV & x ¢ MV + ST
|« | MV - 28T ¢ x < MV - ST MV + ST § x < MV + 28T
L

MV - ST ¢ x < MV

To +the best of our knowledge, this 1is +the only
experimental system with the capability to provide
guantitative informations about the EL2 content in thin GaAs
wafers. The possibility of an indipendent calibration of our
system has thus not yet materialized.

Machines that provide gualitative maps of EL2 in +thin

wafers, however, do exist, and we were happy to compare the
resulting maps.
Jd. Windscheif et al. [5] have utilized a Si linear

array of detectors and a broad band light source to get maps
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Figure 2-11: Transmittance map of a 0.5 mm thick GaAs wafer,
as obtained by a system employing a linear array of B5i
detectors (a). EL2 map of the same wafer, as obtained by the
system described in the text (b).
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Figure 2-12: Transmittance and EL2 maps of the same thin
wafer. (a) obtained by a Si based, commercial instrument;
(b} obtained with the OGC set-up. We are indebted to Spectrum

Technology for Part (a).
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of the absorption coefficient . Given the spectral ranges of
the silicon detector sensitivity and of the GaAs extrinsic
and intrinsic absorptions, they are able to estimate the
integrated absorbance of the sample in the whole 0.8-1.1 um
range. Figure 2-11 shows the same wafer, as mapped by the
silicon based machine (part (a) of the figure) and by our
system {part (b)). In this case we have mapped the sample at
0.92 um, in order to get a numerical value close to the one
reported by the other group. Although the spatial rssoclution
of the West Germany group is higher than that of our system,
they obviously cannoct relate the broad range absorbance to a
precise EL2 content.

Figure 2-12 shows another pair of maps, the one at left
being obtained by a silicon Vidicon based machine sold by
Bamamatsu Corp. The measurement is fast and the spatial
resolution 1is high, but no numerical information is

obtainable.
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E. VAPOR-PHASE KOH DISLOCATION ETCH

Dislocations are line defects almost always present in
crystalline materials. In the simplest case, they can be
regarded as the boundary between atomic planes displaced
with respect to their ideal position.

Experimentally one often refers +to +the density of
dislocations, <that is the number of dislocation lines that
intersect a unit area of the surface of the crystal. The
density ranges from zero, in dislocation-free silicon
crystals, to about 104 cm -2 in medium aquality LEC GaAs
crystals to 108 cm-2 in deformed metallic crystals.

One of the most widely used ways\to reveal dislocations
is chemically etching the sample: suitable etchants
preferentially dissolve the crystalline matrix at points
where the dislocaticn line intersects the surface, creating
a characteristic etch pit. For GaAs, two etchants used are
molten KOH (18] and the aqueous A/B etch {19] used at room
temperature or slightly above ( 60 0C). While the A/B etch
is by far easier to use than KOH, the 1latter has the
advantage of producing much more well defined pits, of the

kind shown in the microphotograph in figure 2-13 (a).
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Figure 2-13: Different pits produced by identical
experimental conditions. The magnification of +the
micrographs is 5186x (a); 172x (b) and (c).

29



63

On the other hand, molten KOH presents many
disavantadges related to a well known lack of
reproducibility and wuncontrollable water content of the
source KORB [268]). For instance, micrographs (b) and (c¢) in
Fig. 2-13 show the pits produced by nominally identical
etching procedures with KOB. In the worst case, the water
content may be so high that breakage of the sample during
the recrystallization of the melt is not an unusual event,
because of the volatilization of water [(28]. To overcome
these drawbacks, a mixture of 50 mole per cent KOH and 50
mole per cent NaOH has been proposed [26], in the form of a
bath to be used from 300 to 400 0C, with the clearest etch
patterns being developed at 350 0C. This new etchant has
been tried in our lab, but the results have been very poor.

In an attempt to eliminate the deficiencies of this
etch and +to avoid the customary procedure of dipping the
sample in molten KOH or KOH/NaOH, the vapor ascending from a
KOB melt has been tested as an etch agent.

It has been found that, from a temperature of about 380 0C,
the wvapor 1is energetic enough to etch an exposed surface
uniformly in the same way the melt does, although at a rate

about & times slower. This reduced speed can obviously be
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useful when etching thin GaAs epitaxial films. Moreover it
is possible to confine +the spreading of the vapor to a
specific area, while capping the top surface of the wafer.

For this vapor-phase etch, the KOH charge is contained
in a graphite crucible which fits tightly into the bottom of
a graphite cylinder. The wafer rests in a recessed groove
around the periphery of this cylinder. The top surface of
the wafer 1is coated with a film of silicone grease, which
prevents a thick layer of (commercially available) silicone
rubber from sticking to the sample. Once cured, the silicone
rubber maintains the etch vapor inside the crucible, and
prevents any damage to the upper surface of the wafer. After
the etching, the silicone layver is brittle and can be easily
removed. Then the wafer is rinsed with de-ionized water,
trichloroethylene is used to dissolve the greasy coat and a
final methanol rinse is applied.

The same charge of KOH can be used at least four times,
without any detectable change in etch rate, for the process
is far less sensitive to contamination of the melt.

Since the sample is not abruptly immersed in the hot melt,
but +the ensemble crucible-wafer is brought to temperature

and then slowly cooled down, the thermal stress on the
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sample is greatly reduced.

Exposure to the vapor for 120 min at 400 0C develops
the etch pit pattern on a (100) GaAs surface shown in Fig.
2~14. The typical hexagonal pit configuration developed by
molten KOH can be recognized, as well as the grouping of

dislocation pits in a cellular network.
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F. ETCH PIT DENSITY EVALUATION

After the etching process, the customary procedure of
etch pit counting to infer the dislocation density [27] is
tedious and intrinsically not accurate.

In fact, a number of microphotographs need to be shot
at different, strategical points on the sample. A balance is
required between high magnification, which shows a
reasonably low number of pits per picture but can lead to
dramatic variations in the resulting etch pit density (EPD)
over a range of a few hundred um, and low magnification
-that is statistically more satisfying, but with which the
number of hardly individually resolved pits can be very
high. Then the operation of counting the pits in a large
number of pictures is obviously time consuming and prone to
human error. As a result, a 50 % 1inaccuracy in the
evaluation of EPD is still considered acceptable.

The technique here developed is based on the fact that
pits formed on GaAs by molten KOH are concave in shape, so
that they are less reflecting than the surrounding surface.
Accordingly the intensity of the light reflected to the film

in a camera equipped microscope is found to be a decreasing,
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linear function of the number of pits in the field of view
of the objective. In these conditions, the time reaquired to
get a correct exposure is proportional to the local etch pit
density.

Operating 1in the automatic exposure mode two
micrographs are needed to obtain the coefficients of the
linear relation between EPD and exposure +time, and it 1is
then sufficient to simulate +the shooting of pictures at
pocints of interest on the sample to get a map of the EPD.

Reducing the light intensity, the exposure time can be
made long enough to reduce any residual effect of the
reaction time of the operator or, better yet, an electronic
timing device could be fitted to the microscope with minor
modifications to the