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INTERFACIAL DEFECTS IN GALLIUM ARSENIDE DEVICES
Richard A. Osiecki
: Inorganlc Materials Research Division, Lawrence Radlatlon Laboratory

Department of Materials Science and Engineering, College of Englneerlng
University of California, Berkeley, California )

ABSTRACT
Defects in the interfacial regions of a gallium arsenide pulse

geherating device’have been observed. These consisted of silicon and

other 1mpur1ty\1nc1u51ons and/or dlslocatlon arrays The defects were

detected at the free surface, the epltexlallepltaxlal interface reglon,

© and the epitaxia;/s&bstrate interface. region. A model based upon an

impurity rich deposit/gallium arsenide pair is proposed to explain the
observed defects. .

The research was done using a 650kV electron microscope.
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INTRODUCTION
. GaAs is a semieconducting material which exhibits a potentially

) . L : : ' . P #1 . h
useful electrical characteristic, i.e. negatiye resistivity, whic .
may have many~applications;,one'of which is a pulse generating‘device
(see Flg. 2) ‘However, thiS‘device has not achieved its potential be-
. cause- of electrical breakdown in the 1nterfac1al (Junctlon) regions.
Camputer simulation has-shown that the breakddwn behavior can be caused

» by the presence of "i " or "p" (1nsulat1ng or positive carrler) anomalous

layers in the interfacial region. The presence of these layers has been

observed byvscanning electron microscopic examination of cleaved and
* .etched edges of the devices,? however direct-transmission electron
| microscopic observation‘of.these'has not been achieved.‘

There are several reasons for'tbe dif:iculties in observing. the
1nterfacial regions in the electron: microscope. The first of these is
the dlfflculty of chemically thinning GalAs to transparency for electron
microscopic examinatlon. Ion mllling machlnes have alleviated this
problem somewhat but the use of these-machlnes is not yet widespreadf
vTﬁe second problen is the sampling problem, that is, the low probability
that localized defects, such as.small-impurity layers at the interfaces,

) uould be present in a foil thin enough to be observed in the electron
nicroscope.
| Fortunately, these problems‘are not insurmountable. A chemical
‘means of successfully polishing this material has been developed‘and
will be described later."Tbe second problem was reduced by using.the '
‘.Berkeley HU650 high voltage electron nicroscope. Because of the higher
energy electrons,bthicker specimens can be observed'(in,practice, speci-

- mens-up to b microns were observed whereas observation is limited to

¥ -
See Appendix.!
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approximately 1 micron in 100 V- microscopes). This increased useful
f011 thickness greatly 1ncreased the volume of sample observed in-
creasing the probablllty that defects would be found. Also HVEM allows,
because of multlbeam interaction, the use of some experlmental techmqueq

whlch aid in the imaging of defects.

Review of Interfacial Defects in Semi-Conducting Defects

There are two distinct categories of origin into,which~defects-at

- the interface may be d1v1ded those which are inherent to the dev1ce,

e.g., misflt dislocatlons caused by the dlfferent 1att1ce parameters of
the regions doped to different levels, and those»wh1ch are a product or
reéultlof the fabrication technique, e.g. oxides or,otber deposits at
the.free surface or the interfaces. Since both of these defects may i
exhlblt detrimental electrical properties, knowledge of these is im-
portant for successful device design.

Elemental semi-conductors, e.g. Si, hare the diamond'cubic structure
ﬁhile the compound seni-conductors, such as the III-V compound GaAs, have
the sphalerite strncture (see Fig. 1). The dislocation structure which

is present in these structures has been discussed by Hornstra.3 The

_ Burgers' vector is a/2(llo) and slip takes place .on the {lll} - Elee~

trical characteristies of dlslocatlons have been reviewed by Friedel.s

There are two basic means of producing the different levels of
doplng required for semi-conductor operation, the diffusion of the dopant
into the substrate and the growth, either from the vapor or from the
liqu1d, of the doped layer onto the substrate. In either case, charac-
teristic misfit dislocation networks_result. - Levine et al.6rhave ob-b
served’thepdislocations which result from the diffusion of the dopant
into the §ubstrate and Tamura and Sugita7 observed the dislocations

vwhich are present at the interface of vapor deposited epitaxial layers.
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In both cases, a network of dislocations formed from stress induced
31ip dislocations. This network then acconmodated the stress caused
by the mismatch of latticee across the interface.v

Direct observations of the second type of defect are not so prev-
alent. Thomas8 has shown the formation of stacking faults from inclusions
at the interface in a Si device. AIndirect'obse:vations, e.g. by thermal
nethods,?have shown the presence of inclusion or surface deposits in
semi-conducting devices and the effect these have on electrical ?er-
formance. Also the presence of defects has been indicated by electricai
characteristics as mentioned earlier.

The GaAs devices used in this study were prepared by vapor deposition
and/or solution growth of the doped layers. Because of the low doping
levels involved,.there is little mismatch of the»lattices across the
interface. (Assuming Vegard's law is spplicable, the spacing of misfit
dislocations would be on the order of 10's of um.) Thus, at best, only
a small number and apparently "stray" misfit type dislocations should be
observed. However, there is the evidence that enomalous 1ayers are
present at the interface. Thus, the problem in this study is to lecate
and characterize these localized, randomly distributed interfacial de-
fbcts.

- Specimen Fabrication

The Gads devices were supplied in the as-grown conditien. Devices
in which the n+ layer was vapor deposited and solution grown were pro-
vided by Texas Instrument, Inc. A typical device configuration is shown
in Fig. 2. ‘ '

The eubstrate is a Czochralski grown single crystal of Gals, groﬁn

.in the [001]. This is doped with either Te or Si to approximately.

5-1018 e /ce. The n- layer is vapor deposited and doped to the lowest

i

possible level consistent ﬁith the fabrication technique, in this case

.15 - + Lo . ;
about 10 > e /ec. The n layertls either vapor (gas to solid reaction)
depgsited or solution (liquid to solid reaction) grown. Vapor deposition

takes place at 750°C,10

while the solution growth takes place at ap-
proximately 1240°C., ~°

Speclmen Preparatlon and Experimental Procedure

The dev1ces were received in the form of wafers, approx1mately

0. 5 mm thick and from 1 em to 3 cm across. ‘The epitaxially deposited -

‘surfaces were extremely flat and mlrrorllke while the reverse surfaces

exhlblted many regularly spaced'saw marks, probably caused by a dlqmond'
saw. A

| A number of these ﬁere then mechanically thinned to approximatéiy'
175 microns, the' last 25 mlcrons being removed with 1 micron dlamond
paste. These were chemlcally thinned to transparency, as needed. Other
specimens were thinned to transparency completely by chemlcal means. No
dlfference in the foil condltlon could be dlscerned between these' |
methods ..

. Two bnsieallyqdiffenentsexperimentsrweﬂelperférmed;?‘0ﬁé~was‘
an etching experiment to detect dislocations intersecting the surface
and the other was the microscopic exemination. |

The -etching experlments are rather e381ly performed. A smeil

(SX5 mm) chip of GaAs is mounted, expltaxlal face up, on a glass slide,.
using Ap;ezon wax. The surfaee is then exposed to the etchant, or
polish and then etchant, for snort pefiods-of time. The“surface is ob~
served optically at up to 600 times magnification and micrographs of the'
surface are taken if desired. By repeating the polieh/etch sequence,
a depth-profile of dislocation location can be obtained. The polish/etch'

sequence‘consists of an approximate 3 seconds immersion in the polishing .,
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.solution, rinse in water, followed by a b sec exposure to the etchant,

riﬁsing in,wéter, weshing%with ethyl-alcehel and-drying; Each~poli$h/‘

b‘etch cycle removes sllghtly less than 0.5 ym of materlal.

. The etchant consists of 2 ml. H, 0, 8 mg AgNO lg CrO3 and 1 ml HF.
The pollshlng solutlon con31sts of 20 parts H3P0h’ 1 part HF and

-1 part HNO3.(all'by yolume) A small polyurethane beaker containlng the

‘solution is ﬁlaced in.a'confainer of water heated to 60°C._’The solution

is eonstantly—stir:ed by & magnetic stirrer, since stirring action con-

stantly vashes the specimen surface, reducing any tendency to form pits.-

Also the stirriﬁg helps to mainfain thermal equilibrium_in the solution..

In order'tovthin & specimen that has the»interfacial region within
.the transparent region,_it‘is pecessary to,knoﬁ,where the interface is.
This is accompliehed by observing'the cleaved'edge (a11 specimens are
reduced te proper size by cleaving) after etchieg that edge for about
8 seconds. The etchaet reveals the interfaces (see Fig. 3). Then, by
Shert immersions'of the specimen in the polishing solution and re-
observing the distance of the desired 1nterface from the free surface,
it is possible. to locate that interface V1th1n one or two microns of the
free surface.: The speclmen (2-h mn on a side) is then mounted epitaxial
faee-down 6n a slightly larger glass chip with Apiezon wax. The ch;p
is placed in the polishlng solution and allowed to thin. The rate of
thlnn1ng is approx1mately Y mlcrons/mln. :When a hole forms within the
speclmen, or when one dimension of the speclmen is reduced by 50%, the

_spec1men is removed from the solution and rinsed in water. The wax ;s‘

then dlssplved by trlchloroethylene. The specimen is rinsed in aeetdne,

ethyl alcohol and, finally, floated en distilled water. Ir proper care
is taken_(GaAseis fragile), a foil with transparent. (both to light and

electrons) areas is obtained. The foil is ready then to mount in.the

-6
specimen holder and be observed in the microscope.
© Transmission microscopy was performed on a Hitachi HU659 electron

m;croscope, operated at 650 kV. Microprobe work was done on'a»Materials

Analysis Company Electron Microprobe Analyzer Model hOO—S.
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EXPERIMENTAL
Figﬁre b illustrates the convention followed in the indexing of the

micrographs to be presented. Because all foils will have either the

[001] normal of [00I] pointing toward the electron gun when viewed in the .

microscope, defects may be viewed either from‘the "bottom" (down the
[dpi] or from the "top" (down the [001]). .In cases where the. defect/ .
matrix orientation relation is known, as at the free surface, the foil
nofmal'can be determined. In other cases Vhere the pormal cannot. be
"determined, as at thé.epitaxial/épitaxial region, the position of the.
line of intersection of the slip planes will be the determining factor.
If it is aﬁ the bottom (as determined by stereomicroscopy or comparison
of bright field and dark field imsges) of the foil, a [00I] normal is
at the top of.the foil, a [001] normal is aséumed._ The line of intersec-
tion, since it always lies along a {110' in the (001),_will always be
said to lie along the {110]. This convention will ailcw consistent -
directions, Burgefs'vectors and slip plahes to bé assigned to_thé dis-
locations observed, whether viewed from the "top" or "bottom." _Thié
convention, however, tacitly suggests that the arrays always project into
the matrix, away from the frée surface. While this is necessarily true
for the defects found at the'free surface, this suggestion cannot be
vefifiedvférvthe defects in the epitaxial/epitaxial region.

The normal of each figure will be given in the figure caﬁtion wﬁen
necessary. ‘ |

- Microscopic-Free Surface

An exsmination of the free surface was undertaken for two reasons:

1) it is the easiest "interface" to isolate in a thin foil, and 2) since .

. . " _
the vepor deposited n layers are formed by the same methods that the n

layers were formed, the condition of this' interface in the as-received

exhibit residual contrast while_thé segments which run through the foil

. | -8“
P
condition will approximate,the:h-élayer at the end of its fabrication.
o !

Several typeé of defeqts weré observed. A scratch which occurred
duripg handling is shown in Fig. é; Although noﬁ caused by a fabrication
technique and therefore not a ftyp%cal" defect, it is shown for reasons . |
of ccmparison fé the other_defectsﬁobserved. This figure'was taken on a

Hitachi HU125, operating at 125 kV. Other defects are in Figs. 6 and 7.

Tt can be seen in Fig. 6‘that the dislocation array did not form on a -

_ scratch or other obvious mechanical defect. The dislocations form loops

which extgnd intp the métrix from the bottqm surfgce of theAfoil (which
corresponds to the initial free surface of the foil). .

Figures 6a-d are s series of §~5 experiments to determine tﬁe
Burgers vector éf the dislocations. Because of the [001] orientation of
the foil and limitations,of the tilting device (* 1L°, whicﬁ does not
allow enough tiit to tilt the foil to a reflection.strong enough to de-
termine the sign of the third digit of the Burgers vector direction),
the third digit has to be determined by indirect means. Qne'set of dis-
locations are out of contrast for g = [0LO] while the others are out of
contrast for g = [L0O] indicatigg>that thé'Burgers vectors are a/2{%01] and
#/2;0%1]_respectively.  A point to nofé in Figs. 6b and 6@ is that the

segmenfs of the out of contrast d%slocations.vhiéh lie alongmthe.[T;O],
, . ik .

along the [0I1] and [101] exhibit none. This residual contrast is in-

dicative of dislocations with edge cqmponents.l2 Figure 6e and 6f

are micrographs with higher order reflections of those in Fig. 6b and

Fig. 64 operative. It should be noted that the residual.contfast is not . -

preseﬁt, while the in contrast dislocdations are. This is due to the
weaker diffracting conditions of this reflection.’3 The g'b analysis of

these .dislocations indicated that the Burgers vector is a/2[0T1] or
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/9[011 ] and 3/2[101] or a/2[101] respectively. Since the segments

af these dlslocatlons which 1ntersect the surface 11e along [011] and

[101] respectlvely, these segments are in either pure screw or pure

eﬂge orlentation ‘but because of the lack of res;dual contrast from these

segments, it is concluded that these segments must be in screw orienta~
“tion. The [EEO] and 15501 reflectlons were used 1nstead of [§§o] and
{220] in Fig. 6a and Flg. 6 because of the increased resolution p0551ble
with.these higher order reflections.114
Figure T is of another defect found emanating from the free surface
It is a "butterfly" of dlslocations which is formed by dislocations lylng
'along [101] and [01I]. Once again residual contrast is present from
the [110] and [110] segments of ‘the out—of—contrast dislocations in
' Flg. Td, 1nd1cat1ng that these have edge components (compare the arrowed
regions in Figs. Te and T4). The g-b analysis of this array 1ndicates ‘
tne-BurgerS‘vector is a/2[101]‘or a/2[10I] while it is a/2[011] or

,aJZtOii] for those oriented along the [011], but since the segments

which lie along these directions have no edge components, the long seg- B

ments are in screw orientation. Figure Te is a displacedAapertnre darn
fieldvmicrogrgph of the same array. Because of the reversai in black/.
white at the bottom of the foil (which corresponds to the free'surface
nno the intersection exis of the slip planes), the areas Vhich.are o
;blackened out in Fig. Ta are‘visible in Fig. Te. It can be seen in'this
figure that the origin of these dislocations'does not appear to be‘a _
scratch or other obv1ously mechanical -defect. -
‘The non-screw. dislocation segments 11e along the [T10].in Fig. 6
and along the [llO]'and (110] in Fig. T. Slnce the Burgers vector,:
screw, and. non-screw segments 1ie in common {lll} the dislocations are

in a;gllde configuration. Only two' slip planes, the (111) and (lll) are

~in the'specimen holder, it was possible to obtain the g =

~10-

operative in Fig. 6 and three are operative, the'(111), (II1) and (I11)
in Fig. 7. There are two points of similarity to be pointed out in these

two defects: 1) the long dimension of the array in both cases is along

a [110], and 2) the dislocations are in glide configuration.

) Microscopic Epi~Epi Interface

Attempts to study the epi-epi_interface were more difficult than

the free surface because of the greater difficulty in isolating the

. interface in a thin foil. .Although the cleaved edges could be ocsérved

and sufficient surface material removed so that the interface was within
one or two microns of the free surface st the edge, there was some un-
certainty as to‘the location of the interface at the point that subse-
quently became trnnsperent. This uncertainty arose from the unevenness
of material removed by the polish and the fact that the interface was
not necessarily farallel to the free surface. 1In addition, there was
also the problem that the defects which were being sought were not
uniformly distributed but occurred in localized areas. The uncertainty
of the relation of the .interface to the foil led to.some»difficulty in

the‘interpretation'of.the defects to the interface. That is, ‘was the

' defect above, below, or at the 1nterface, did the defect extend into the

matrix on both sides of the interface or just one?

Figure 8 shows a dislocation array found in the epi-epi region of
a device in which the n+ layer was solution_grown. By using a i0° wedge
[I31] reflec-
tion shown.

This shows that the Burgers vector. of the dislocations out

of contrast in Fig. 8b is. a/2[101]. Since this set of dislocations

. lies along the [101], this set is in the screw orientation. Because of

foil contamination, it was impossible to obtain the necessary reflec--:..

‘tionuttenﬂmtermineuagesBuzgens:veetonsof_the other set..sHgvever, the
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reflection which was obtained shows the Burgers vector to be either
a/2[011] or a/2[0I1]. Because the through-~the~foil dislocations lie

‘along the [0I1] and because of the lack of residual contrast, indicating

no edge components it is concluded that the Burgers vector is a/2[0I1].

It should be noted that tﬁe dislocations do not«appeéi_to originate on
any obvious source. Also the dislocations are in glide configurations
fbrmihg dipoles, as are those found At the free surface.

Figure 9 is of an array found in the epi-epi region of a device
ﬁith the n' layer vepor deposited. By the g-b analysis and residual
- coﬁtrast a;guments used earlier, it is determihed that these are the
" same type of dislocations discusséd earlier. Perhaps‘the significance
of this array ig the reduced foil thickness at the axis of the array.
ﬁhis can be explained if an impurity was present‘and then etched out
by the poliéh, leaviné the reduced foil thicknesé at the center and the
dislocations at the periphery; .Figure 10 is a stereographic pair of
this array. From this figuie it is possible to see that the dislocatiqné
do not emanate on a single slip plane ﬁnt rﬁther on two sets of slip
;plaﬁes;v These planes are the (II1) aﬂd (I11) since the non-screw.ség-
_ments lie in the [110] and>[1io]. Figure 11 is a low magnification
micfégraph bf the same area showing two of these arrays existing close
to each other.

Figures lé, 13 and 1% are figures which furthér illustratevdetails
of arrays of the type shown above. Figure 12 is of dislocations’com;
‘plétely thrqﬁgh the foils'appafentiy caused by two sources outside the

foil while figures 13 and 1k further illustrﬁte points mentioneﬁ.earlier.

The Burgers vector analysis yields the same reéult as the arrays'éhownb :

12—

earlier. (0Of course,.it is impossible to see any residual contrast in
Fig. 12 because there are no edge components present in the foil.) The
ridges which show up in Fig. 12 (arrows) are thought to be surface ef-

fects. Figuie 13 shows dislocations on two parallel slip‘planes. The

- dislocations of both planes go_throﬁgh the foil in the same direction

(that is both -are along the:[ioi], not one along the [I01] and one .
dlong the [I01]). Note the residual COntrast‘in Fig..13b, vhich is con~
sistent with the other arrays shown. Figure 1l -is of an array taken with
the specimen in the 10° wedge specimen holder.. Since the beam is now

. closer to 5eing perpendigulér to one of the slip p;anes,‘(becgusebthe
foil in the normal specimen holder is always [001] and the dislocations
aré on {111}, théy are always viewed at between 50° and 60°), the array

projects a much wider top of foil to bottom of foil image, revealing

" more clearly the edge components of the arrays.

Figure 15 further illustrates the effect of higher order reflections
on image resolution mentioned earlier. By placing higher order reflec-

" tions on the Ewald sphere (s=0) it is possible to qbtain higher image ‘

'_ reéblution or less image cdnfﬁsion, thus allowing the easier interpreta-

tion of dislocation configuiation. This technique has proved useful in-

the study of defects of this type.
]
Microscopic-Substrate-Epitaxial

The studyvof this region did not refeal'defeéts ofvthe t&pe«foupd
"in the other interfacisal regioms. 'Theré are three possible reasons for |
tﬁis: 1) The number of defects is lower, reducing the probability pf‘__'
finding a defect in the thin foil, 2) the defects are not present, or‘_‘
_3) the problems~mentionéd in'trying-to find the épitaxial—epitaxigl .
interface ﬁre increased by the'increased depth of this interféce there—‘:,

' by lowering the probability of finding an interface. It is not certain
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“im the (001).
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_which of these is correct, however, defects were detected in this region
[TV electrieal'means so it must be assumed that:the second reason. above

:is:not'appiicable.

Polish/Etch

The arr&ys found by mieroscopyg because they are not parallel to the

fb;l surface, are e551ly detectable by polish/etch means. Individual dis-
'Lccatlons in the arrays would not be -distinguishable because of the
| very close‘spacing of the dislocations, however, the cumulative effect
‘of all the disiocations in an array would be notieeaﬁle, An array
»shbuld show.up es a linear etch pit (a pit in which that'one dimension‘

'is more than twice the one at 90° to‘it) and lie along a (110 which lies

An advantage of this method is thatvsince the surface is
exsmined by‘qptical means, it.is possible to observe macroeeopic areas.,
allowing the determinatien of the length ef the arrays, the distribﬁtion
of the arraye, and pessibly,bthe origin of the arrays.

Figprell6 is of the free surface, fhe epitaxial-epitaxial region »
and the substrate—epitaxial region, A,.B, and C respectiyely,» In each
of these the llnear etch pits are present. It is estimated that they

heve a maximum length of 10 microns. Exact size determlnatlon of an

>array is difficult because an eﬁch pit is seen, not the arrayuitself.

At 81l three levels the pits lie along a ¢(110). This orientation can»be

" determined by X-ray analysis or by comparing the direction of etch pit

with the cleaved edge of the specimen. ‘Since GalAs cleaves om & . ¢

{110}, the cleaved edée will be along a (110), thus the etch pits should

elways lie parallel to or‘perpendieular to an edge if they are along a .

€110) in the (001). Orientation was determined by both means at first
and then.only by the 1attef when the early results were consistent with

-
Eey

eech other.jiThe'density.of these pits is very high in_this particular

" figures will show this

b-lh-

specimen, which wae found {o also have a fairly high density of Si
particles.. ;This density of pits:was not normally observed,as subsequent
. Tt is not umderetood why all the particles in

a given region lie along the same (1105, that is, if the formation bfe
the arrays vas completely random, arrays sheuld‘form along both the
[110] ana [T10]. |

Figure 17 is a series of optical micrographs taken of the same ares

at different levels of the specimen. A is within 1/2 micron of the free

surface, there are net etch pits present, but there is ae inclusion
<(arrow) on the surface. 'B and C are‘taken at increased (0.4 microns
and h 0 microns respectively) from the orlglnal free surface. It cen be
seen that the etch pits 31m11ar to those notlced earller have developed
at the site of the 1nclu81on. A 31m1lar.ser;es of micrographs, of a
different specimen,are shown in Fig. 18.

Since the arrays were formed from 1nc1u31ons which were ev1dent on
the free surface, an X-ray mlcroprobe_survey of the free surface should
identify the composition of the inclusion. ‘The initial survey . was done
on tﬁo speeimens, Qne_in the as-received condition, the other after one
polish/etch cycle.: 23§§§ specimens %efe rinsed with ethyl alcohol prior
to observation. .The preberf the unetched specimen revealed a feﬁ small
silicon concentrations whlle the probe of the etched speclmen revealed
many silicon dep031ts, as if silicon dep051ts were present immediately
below the,freersurface. (Other etcheq spec1mens.d1d not. reveal large
numbers of_silicoﬁ particles.indicatieg that the number of silicon
particleS'changed from specimen to specimen "The silicon could not have

been from the polishing or etchlng solutlons as no apprec1ab1e smount of

bglass or other source of 51;1con was present in the solution.) Flgure

-19A is a SiK&, X-ray trace of the surface shown in Fig. 193. There is

N
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a correspondence between the silicoh concentrations and particle position_ of‘depth.at which a pit formed.
although not‘all particles cor;espopd to silicon concent;ationé. These . ) : Table I gives the method of aeposition of the g+ layer for each
latter particles have not been identified although it is known that they of the fi@es. .It can be seen that there is ﬁor,correlation ‘between the
are not sili:c';on or tellurium. The surface irregularities present in type defect observed and the method of deposition of this layer. The
Pig; 19B are an'arﬁifaét from the polish/etch cycle. ”_ o _ &efects are common to bdﬁh means of epitaxial growth.
' Figﬁre‘20A-is.of a gpecimep which showed a high Si particle con~ - , o , _ , Table I
N ) S ' , Method  of .deposition
cenﬁration in the_area shown in the micrograph. Figures 20B and C are ' . . Figure s of n+blayer
taken at deeper levels, B being abbut Q.S ﬁm deeper than A and C.about ‘ 6 v
3.5 microns deeper. Thefe are many etch pits evident in C. _D is a 1 v

.mﬁc;ograph of an area immediately adjacent to C. Somg etch pit; are __: s
evident here but the density is much lower, D is more typical of most . : ) 10 : v
specimen surfaces than Figs. 16 or 20C. Tﬁe source of the_gross surfacg . - v
defect evident in B is unknown. It appears that at the.time of initial 12 :
deposition of the final layer, a layer of noncrystalline or non-"sticking" 4 1k v
material was deposited énd then covered by the GaAs layer. Then, when ‘ » :, . v 15 S
the surface was ?emoved, it became evident once again. This co;;elation » : ij :
of high silicon concentration and high etch pit density further indicates : : - 18 v
that the dislocation arrays a&e associated with silicon dgposits. Note . :‘ v 19 v
that all the etch pits in this area lie along the same (110). 20 Y

Although this method proved useful in detezmining a possible origin = vapo? deposited

S = solution grown

of thé dislocation arrays as well as the distribution of them, it is
subject to.sbme shortcomings. Perhaps the greatest of these is that a
pﬁt may be "remembéred" after the dislocations have been polished away.
vThis adds confusion-as to.whiﬁh 1evé1 the pit originally formed as well
as the cumuiati?é effect of pits, that is, as more and more of the sur-
face is wgshed'aw#y, the apparent density of the-arrays may Sseem higher.,
than it actually is. Another fault is that the amount of material re-

moved can only be estimated, preventing the exact determination of
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~ DISCUSSION

‘Two related defects'wererbéerved in the interfacial regions:

1)} impurity deposits, ®mnd 2) dislocation- arrays, associated with the

deposits. Someé of the deposits vere silicon or silicon rich while ‘

others were notoideﬁtified. These were found at the free surface and

‘their effects (dislocation arrays) were observed in the interfacial

regions. Associated with the depoéits were dislocationvarrays which

" ‘consisted of glide dislocations on two intersecting {111}. The area of

intersection was characterized by a dislocation "tangle." These. defects

were randomly diétributed throughout the plane of the ioterface with

" ‘the matrix immediately adjoining the deposits and arrays being es-—

‘sentially dislocation free.

. These diélocationaarrays are not of the type'which iould accom-

- modate the mismatch of the differently doped GaAs matrices present in

these devices. The Burgers vectors do not lie in the‘(QOl), as would

be ekpected'if these were "normal" misfit dislocations, the arrays are

‘much too.localized to :account for a general misfit phenomenon, the dis-

locations foﬁm screw dislocation dipoies.which do not effectively re-
lieve strain, and the density of the dislocations in the "airays" is

ﬁuch too high.to relieve miéfit_between two lattices based_upon the

‘gallium arsenide matrix.

Although the "tangle" camnnot be composed of misfit dislocations

‘ between,dopéd and undoped galliﬁm arsenide, it may'po,the_result of
misfit Betwoen gallium arsenide and some other matérials.

One such matérisl is silicon. Silicon was observed as an inclusion. .

in these devices although other unidentified inclusions were also

bfbﬁndkl Based on the relationls

. =18~

ah
| (a-0)]

where P = misfit dislocation spacing’

P =

a, b aépropriate planar spacing.of lattices involfed.

The misfit dislocaxion.spaoing in.a gallium arsenido/silicon interface
would be on;{he order of‘150 A, It is doubltful that,pure.silioon _ -
deposits are'presept in this material, bui silicon_rich depooits are
possible and have been obserfre'd.16 The spacing of dislocations caused.

by the presence of silicon in a gallium arsenide matrix would be dejv

pendent upon the amount of silicon present. The\closest'spacing would

be of the order mentioned above, and would get.progressively greater as
the atomic fraction of gilicon deoreasesf

The mooel-béing proposod is that during the fabricatiop prooess
sémi—coherent,.impurity.rich‘doposiﬁs form in the intorfacial ;egions

of the gallium arsenide device. :The'semi—coherént interfaces could be

- expected to lie in {111} with the misfit dislocations and Burgers vectors

in these planos. The,disiocations would be glissile, subjJect to thermal
stresses which fofm at the matrix/deposit interface duringvtho cooling
of the device from fabricatiop_témperature andbﬁould glidé; These =
stresses arise from the different amounts of cohﬁraction of the im-
purity deposit and gallium arsenide matrix. |
The stress, if not relieved by the élip of the misfit.dislocations;

could also "punch outﬁ stress relieving dislocations directly. The
gliding dislocations wouid remain connected ﬁo the deposit/matrix in-
terface by dislocation segments, forming the obsorved_dipoles. These
form the "bottgrflies" which are observed experimentally. '

. One of the assumptions of the proposed model is that the interface

between the deposit and the matrix lies along a {lil} or rather, on a
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series of parallel {111}, since it is doubtful that the inte;face

would be a single plane. (For ease of preéentation, however, the inter-
face will be treated as a well defined deposit/matrix inferface.) This
assumption is Justifiable for several re#sons. . The first of these is
that e#ch of these planes contain three of the "habit" {110) which dis-
locations in this material lie along as well as the direction of - the
1Eurgers vgctor. Hence, a complete network of misfit dislqgations is
more easily "creétéd" in these planes than in other planes. Aksécond
reason is the layered structure peculiar to the.sphglerite structure.l7
The {lil} are not equally spaced, that is, the ‘distance fr§m fhe‘(l;l)
gallium plane to the arsenic plane in the [111] is iess than the dis-
tance to the arsenic plane in the [111] (see Fig. 22). Thus the sphal-
erite structure is "layered" aloné the (111), each layer consisting of
cne plane of gallium and oﬂe plane of arsenic. By ;eplacing one such
layer with two planes'of silicon (which maintaing electronic as well as
atoﬁié balance), the angular distortion of the bond between the silicon

atom and neighboring gallium or arsenic atom, because it involves only

one, "long" bond, per silicon atam, is minimized reducing the "elecﬁronic

surface energy" of this interface. Figure 23 shows two possible configu~

rations for the bottom of the deposit. A is a single "trough" formed
by two {111} planeé, and B is a "sawtooth" effect consisting of many
smali troughs formed by {111} plames. The dashed lines_#re projections

‘of these planes into the gallium:arsenide matrix.

The dislocations which lie in these planes lie along the three (110}

in each plane. The combinations. of the (110} "habit" directions of the
@islocations and the possible Burgers vectors produce either 60° dis-
Jocations or pure screw dislocations. Because 6f the mismatch nature of

these dislocations, it is expected that the former woul@"predominate,

~20-

Both of these types of dislocations, are glisSile and, hence, can glide
upon the application of a stress. As the length of dislocation moves

Qut from the deposit/matrix interfacial area regions it would "leave

‘behind" a dislocation tO this region. It can.-be expected that-it :

ﬁould be easier for glissile dislocations to glide so that the residual -
dlslocaxlon is in screw orientatlon rather than non-screw orientation as
there are no broken or unsatisfied bonds in the core of a screw dis-
location as can occur for a non-screw dis_location.-l8 These would form
the dislocation dipoles which wére oBserved.. |
Another assumption of this model is that a stress is induced by the
cooling of the device to room temperature. This stress would be caused
by different amounts of contraction pf the deposit and the matrix. The
coefficients of thermal expansion for silicon and gallium arsenide are
% % |

7.36-10 cm/em®C, respectively. This difference

em/em®C and 5.93+10
in coef{icients should be sufficient to produce the stresses necessary.
to cause glissile dislocations to glide into the matrix, reiieviﬁégxheé;.
stress. This stress has been caloulated to be of the order of _o?

10§ dynes/cm2 for.a pure silicon/gallium arsenidé interface and with no
stress relief by dislocﬁtiéh glide The stress would obviously be less
for a couple in which the deposit was less than pure silicon.

The final dislocation array cénfiguration would, of course, depend

on the amount of impurity in the deposit, the higher the atomic fraction .

- of impurity in the deposit. the greater the thermal stresses and the

» greater the amount of glide ahd/or the number of dislocations involved.

Defects with apparent dlfferent amounts of impurity have been .
observed. Figure 6 is of an array at the free surface in whlch a-
relatlvely small amount of 5111con, or other 1mpur1ty, dep051ted The

number ofldls;ocatlons is relatively small and have a glide ' a relatively.
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‘the former.

in Fig. T8).

=21~ ‘ '
short distance.. In Fig;_T, apparently a relatively large amount. of

impurity is presentﬂﬁithrthe result that dislocations are more numerous

~and have glided a greater distance than those in Fig. 6.

It would be expected that deposits in the ep1tax1&l/epitax1al reglon’
would be largerawith the result that the arrayeiw1ll eonsrst of a greater»
Anﬁmber of dislocations or the dislocations wouid have slinned a greater

diStance. Figure 8 illustrates the latter point while Fig. 9 illustrates-

Figure 12 is of dislocations completely through the foil,

‘indicating that the dislocations have glided a relatively:large distance,

"indicating the deposit is large.

It is difficult to determine which mechanism of formation is

) operative. In Fig. 8 it appears that the dislocations -were punched out .

on a limited number of slip planes while Fig. 9‘appears as if a large .
number of essentially randomly'distributed dislocations slipped a short%
distance. Both mechanlsms can apparently operate dependlng on the
geometry of the dep051t.

‘These silicon rich deposits would be difficult to detect since they.
would consist of semi-coherentvregions with only a slight change in thé
lattice constant of that region (proportional to the atomic fraction of

the silicon). Hence, additional spots would appear only faintly and

'only slightly off of the strong, main matrix spots. This lattice strein

would>be notieeable as ‘strong strain contrest at the surfaces of the
foil. This is observed inVFigs. T and 8. es dark areas in the central
reglon of the array. (this’ contrast is reversed in the dark field image
In addition to these, it is also possible that the silicon
was-etched,away by the polish5'as it.was.in Fié.,Q.‘ A

. This nodel explains why.the disiocation arrays form,ibut only by.

assuming that silicon or any other iﬁpurity/segregate,deposits are

| =20-

present. It does not provide a mechanism for the formation of these
depositeg which is beyond the scope of this project. A coordinated
program in which access to material at all stages of fabrication, as

well as control of the fabrication techniques, is necessary to answer

. this question.

One of the most puZziing things to be answered about these defects

is-the fact that they always lie along a (110). This would be expected

if the "walls" of the deposit had to be {111} which would sutomatically

cause the array to lie along the (110}, but this is a weak argument. It

~may be that these deposits nucleate and grow on the;misfit dislocations -

which fbrm betveen the gallium arsenide doped and undoped regions.

Slnce these would lie- along (110), the dep081t would naturally lie along
(llO) Another possibllity is that it is easier for a deposit, once 1t
has nucleated on some surface imperfection, to grow in a (110) because
this is the "habit" direction of dislocations. That is, it would be
easiest for misfit dislocations to accommodate the deposit if the deposit
formed along a {110). v

Also.why are only a limited number of Sllp systems operative, is
there an orientation relatlon between the dep081t/matr1x in whlch cer-
tain slip systems are more favorab;y ellgned than others? hAndva final.
duestion is why do all the arrays in a given area lie along the sene;
(110), it would be expected that the arrays ﬁonld’be’aligned'in approxi-
mately‘equai number between thettllol and [lin.

One last‘point to mention is that once a "seed crystel" of the »
impurity has formed and is growing, presumably along a (110), one of two
things can happen. The deposit can continue to groﬁ,into an inclusron
or the deposit can not grow quickly_enough, beingecovered by the de-

positing gallium arsenide. Both of these seem to have occurred. Figures
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:T ‘and 18 show inclusions which mark sites of the arrays while Fig. 20 ..
shows.an instance in which thé impurity rich area was improperly covered

0¥ the.gallium arsenide.

-2k~

" SUMMARY

Impurity inclusions, impurity rich areas and associated dislocation

arrays were observed in the interfacial regions in the gallium arsenide.

devices used in this study. These ie;e_observed.by electron microscopic

means, optical microscopic means and by the electron microprobe. These

~ were found at the free surface, the epitaxial/epitaxial region and the =

epitakial/substraté region.
The dislocﬁtion arrays consisted of long dislocation loops, in

glide configuration, emanating on {111} which intersected along a

_ common (110). It was shown that thesegafrajs could not be the result .

of the mismatch between the differently doped regions of the gallium
arsenide matrix. '

A model vas proposed to éxp;ain the observedvdislqcation arrays. -

" This model consisted of dislocations gliding under the influence of

thermal stresses from the deposit/matrix'interface region. . There were
two sources of dislocations considered, the misfit dislocations Vhich
form at the>interfacial areas of the deposit/matrix and a "punching out™

meéhanism in which dislocations were formed directly by the stress.'

These theﬁ glide on favorably oriented slip planesiand form thg observed

loops. It was not determined which mechanism is the mofe-important;
‘This work identifies the defects found in this region but do not -
deﬁermine the source. - A coordinated program with control of the

fabrication process. is necessary before this can be done}
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FIGURE CAPTIONS

21).

Schematic of a gallium arsenide pulse generating device.

(110) edge of a device pfoduced by cleavage. ‘Etching reveals
the interfaces.

Lineidrawing; of the ﬁonvention followed when indexing observed
arrays. R

Surface écraﬁch'observed in a gallium arsenide foil.

Small dislocation loops observed at the free surface of a vapor

. + e -
deposited n layer. Foil normal is [00I].

Dislocation 9but£erfly" observed emanating from the free

. .. .
surface of a vapor deposited n layer. Arrows in c¢ and d

point out residual contrast from edge components of dislocatioh_s. L

' Foil normal is [00I].

"Butterfly"” observed in the epitaxial/epitaxial interfacial

_ + » . .
. region in which the n layer:was solutiqn grown. Foil normal

is [00I].

"Butterfly" observed in the.epitaxiél/epitaxial inférfacial‘
région in which the n+ layer was‘vapor.depogited; :Eoil~nprmgl
is [00I]. |
.Stereovbair of array in‘Fig. 9.

Low mégnificatioﬁ of the fegion of Fié.9 showing two df
these déposit/arrays.existing nea;'one another.
Screw segments of dislocation arrays from two deposif/array-
defects extending completely through fhé‘fgil. Arrowed défeéts ‘
are surface aefects, not dislocations. - .
Dislocations of one wing'gf the "buttgrfly" showing sérew‘and‘

non-screw aislocatidn-oﬁ two parallel slip planes.
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Fig. 1h.
Pig. 15.
Fig. 16.
FPig. 1T.
Fig. 18.
PigL. 19,
Fig. 20.
Fig.21,
Fig. 22
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One wing of the "buttgrfly" highlighting the non-screw
segments of the dislocations.

Series of micrographs illustrating the effect of systematic
high order reflections at the Bragg condition, Note the image
narrowing and reduction of oscillatory coﬁ%r&st of the dis-
locations: which produces a more easily resolvable:array.. This
array is the same.array shown in Fig. 13.

Polish/etch surface showing the linear etch pits produced by
the dislocation array observed in the electron microscope.

A, B, and C are teken at the free surface, epitaxial/epitaxial
region, and epitaxial/substrate regions respectively.

Series of pictures showing the dévelopment of a linear etch
pit from an inclusion as surface material is removed.

Same type of sequence as Fig. 1T but of a different sample. .
A Si Kﬁ x-ray trace and scanning electron micrograph of the
same ares revealing silicon particles.

A series of pictures showing the correlation of a high silicon
particle concentration and the resultant high density of
linear etch pits.

Schematic showing the "layering" of {111} in the sphalerite
strigtare (Aftes HornStra>).

Schematic of possible configuration of the "bottom" of a silicon
deposit in a gallium arsenide matrix. The {111} are projected
into the gallium arsenide matrix, indicating possible slip

planes.
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APPENDIX
Negativebresistivit& is the term given to the characteristic of
some materials which exhibit a decrease of eléctrdn drift veloéity with
increasing voltage. Gallium aréenide is one of the materials.

A plot of the carrier drift velocity (CDV) vs electric field (EF)

‘for Gads is shown in Fig. A-1. It can be seen that above a certain

eritical value of the electric fiélc_l (the threshold = 3000 v/cm x length)

the_drift velocity of ﬁhe électrohs decreases with increasing field;

~ vhile below the threshold, the electrons behave "normally."

A model explainingvthis phenomenon is shown in Fig. A-2. This two-

" valley model compares the energy and instantaneous velocity of the

; eléctroné with the wave nuﬁber K. It can be seen fhat the eléctrons can
be excited into a higher. energy "valley" wiere the mobility of tﬁe elec-

_ trons is low. Ap'increase in the ehergy of 0.35 eV.is sufficient to

: éxcite an electron into this low mobiiity valley. Thus as the epplied

_ electric field is increased, more electrons are excited into.a low

mobility state with the result that the average drift velocity decreases.

This phenomenon is responsible for the "Gunn Effect” and is used in

puise generating devices as shown in Fig. 1 of the thesis. By applying

- 'an electric field across the electrically active»(nf)»layer, electron

. flow iS'initiatéd. ‘When above the threshold value, the electric field

"domain.’

excites the electrons into the low mobility mode. This slowing down
causes the electrons to "bunch up" forming a négative space charge or
' This domain drifts across the active region at a constant

velocity'("lo7 em/sec).

) ' .
When it reaches the high conductivity (n ) anode, it dissipates,

- creating a "pulse" of current. Then another damain forms at the cathode

“and repeats this cycle.
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Because of the constant drift velocity of the domains, it is
possible to control the frequency of the.puises by varying the width
of the active layer. By this means, it is possible to make pulse
‘generating deviceé in the GHz range.

For more details, the reader is re}erred to reference 1.

n
(<]

¥
CDV, cm/s x108
o
Instontaneous
velocity, cm/s
"
s

N .

| \\ - T T t

| | il i

i L] |

y 1 AHEEE

3 -6 9 4 -27n/0 [) 2170
EP, kV/cm . . ‘ Wove Number

Fig.l A - . Fig.2 A _
’ XBL716-6823



oA

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
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