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The formation of microsplits and damage rafts
in proton-bombarded GaAs

J. H. NEETHLING, H. C. SNYMAN
Department of Physics, University of Port Elizabeth, PO Box 1600, Port Elizabeth 6000,
Republic of South Africa

The technique of cross-sectional transmission electron microscopy has been used to study the
nature and formation of damage rafts, which act as dislocation sources, in proton-bombarded
(5 x 10", 10" and 10"" H* cm™2) and annealed GaAs. The results show that the rafts consist
of a planar array of voids lying on the {110} cleavage planes of GaAs. The dislocations
generated at these rafts are glissile, of the (a/2) {(110) type, and glide on the {111} planes
intersecting the rafts. Models are presented to show that these damage rafts originated at
microsplits on the {110} cleavage planes of GaAs following the cracking open of small
hydrogen-filled platelets on {110} planes when the internal gas pressure exceeds that which
is necessary for crack propagation. From the analysis of the results an average diffusion length

of ~1 um was estimated for vacancies in proton-bombarded GaAs at ~900°C.

1. Introduction

Proton bombardment of crystalline gallium arsenide
has now become a standard technique in the fabrica-
tion of various optoelectronic devices, such as low-
loss optical waveguides [1], isolated p-n junction
diodes and semiconductor lasers [2]. During proton
bombardment lattice defects are introduced which,
although required to produce a high resistivity in the
implanted layer, can have detrimental effects on device
performance. It is the realization of this latter fact that
has motivated a systematic transmission electron
microscopy (TEM) investigation of the lattice defects
in GaAs subjected to doses of 10" to 10" H* cm™2.
The preliminary findings of this investigation were
published in a number of papers [3-5].

In a recent paper {6] we have shown that the pre-
cipitated damage in low-dose (5 x 10°H*cm™?)
proton-bombarded and annealed (temperatures of
between 500 and 800°C) GaAs consists of small
hydrogen platelets (i.e. hydrogen-filled vacancy loops)
on the {110} planes of GaAs. This finding is in con-
trast to the carlier identification [3, 4] of these loop-
like defects as Frank vacancy loops on the {111}
planes.

For higher proton doses and temperatures of
anneal, however, additional defect components in the
form of damage rafts, dislocations and voids were
observed in the damage layer [5, 7]. It is the purpose
of this paper to show that these damage rafts originate
at microsplits on the {110} cleavage planes of GaAs
following the cracking open of small hydrogen-filled
platelets when the internal gas pressure exceeds that
which is necessary for crack propagation. Models are
also presented to explain the observed generation of
glissile dislocations at the rafts.

Finally the close resemblance between the damage
rafts (and dislocations generated at the rafts) and the
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dark-line defects found in degraded Ga,_, Al, As laser
devices is discussed.

2. Experimental procedure

The n-type silicon-doped (10" carriers cm ™) GaAs
samples were bombarded at 7° off the [0 0 1] axis with
300keV protons to total doses of 5 x 10", 10'® and
10"H*" cm™? using a beam current of 0.1puA. All
impldntations were carried out at room temperature
in an HVEE 350 keV ion implanter using H,S gas as
the source material. The crystals, 300 um in thickness,
were subsequently laser-scribed along the <110>
direction on the back and then cleaved in rodlike
samples 4mm by I mm. After slicing, capless anneal-
ing experiments were carried out in which the samples
were heated (implanted surface down) for 15min at
various temperatures between 300 and 900°C in an
argon atmosphere. The samples were then quenched
to room temperature by dropping them into water.
For transmission electron microscopy the samples
were thinned in cross-section, first mechanical—
chemically, and finally by argon ion-milling.

3. Experimental results and analysis

3.1. The nature of the damage rafts
Examination of the damaged layer about the average
projected range in low-dose proton-bombarded GaAs
annealed at elevated temperatures showed that, in
contrast to the lower-temperature-annealed samples
[6], the damage precipitation was heterogeneous con-
sisting not only of platelets but also containing dam-
age rafts, voids and dislocations. The critical dose and
temperature required for raft formation were found
to be 5 x 10°H*cm™? annealed at 800°C, or
10'*H* cm 2 annealed at 500°C for 15min. That
these damage rafts [4] are associated with the damage
layer (i.e. the stopping zone of the protons) is very
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clearly illustrated in Fig. 1, which shows the damage
layer in a GaAs sample bombarded to a dose of
10"*H* cm™? at 300keV and annealed at 800°C. The
Lindhand, Schanff and Schiott (LSS) projected range
[8] for the protons is indicated by R, while the rafts,
dislocations and platelets are indicated by A, D and P,
respectively. The thermal etch pits (seen in cross-
section), indicated by the arrows at the surface in
Fig. |, results from the out-diffusion of arsenic
because a capless annealing procedure in an argon
atmosphere was used. These etch pits, having a maxi-
mum depth of ~ 0.1 um, are not expected to influence
the radiation damage which is at the much greater
depth of ~2.5um for protons with an energy of
300keV. The black strip covering the etch pits is due
to the glue that was used in the bonding of the cross-
sectional strips.

In Fig. 2 the damage layer in a proton-bombarded
sample is shown in two sections. The damage rafts are
indicated by A, B and C and some of the platelets by
P. The dislocations indicated by D were probably
generated at the rafts and will be discussed in Sec-
tion 3.4. A detailed analysis of the geometry of the
rafts, by tilting them into edge-on configurations in
the TEM, revealed that they consist of planar arrays
of voids on the {110} planes of GaAs and are elon-
gated along the <110> directions. The rafts indi-
cated by A, B and C in Fig. 2 lic on the (101), (101)
and (10 1) planes, respectively. Rafts B and C are also
elongated along the [1 0 T} direction and Raft A along
a direction close to the [101]. A (110) projection of
the images of Rafts A, B and C will therefore lie along
the [112], [1 12] and [1172] directions, respectively, as
indicated in Fig. 2. '

It is suggested that the rafts originate at microsplits
which form on the {110} cleavage planes [9] to relicve
the stresses due to the hydrogen gas from the proton
bombardment. A microsplit forms a free surface
inside the crystal and thus act as a sink for gettering
the surrounding vacancies [10, 11]. If a sufficient
number of vacancies are absorbed at the free surfaces
of the microsplit, voids will start to form in the plane
of the split and relaxation of internal stress in the
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Figure 1 The defect structure in proton-bombarded
(10 H* cm™2 at 300keV) GaAs annealed at

800°C for 15 min. Damage rafts are indicated by A
and B, dislocations by D and platelets by P.

crystal may lead to closure of the microsplits. When
this occurs, but the two surfaces do not align crys-
tallographically perfectly, dislocations will be intro-
duced to relieve the lateral mismatch of the two
displaced surfaces. In the following sections this
assumption that mismatch of the two {110} surfaces
introduces dislocations is verified experimentally.

A magnified image of the raft indicated by C in
Fig. 2 is shown in Figs 3a and b under dynamical and
kinematical diffraction conditions, respectively. In
Fig. 3a the voids are obscured by the strain contrast
generated at the raft. In Fig. 3b the planar array of
faceted voids is clearly visible when viewed almost
edge-on under kinematical diffraction conditions. In
Fig. 3c the raft image is changed from that observed
for the edge-on configuration (Figs 3a and b) to a
more planar view by tilting 40° clockwise about [1 T0].
The two-dimensional character of the rafts is clearly
demonstrated by this micrograph. In Fig. 3 the dis-
locations in the (10 1) split plane, which are a result of
the imperfect closure of the split, are also visible.

The image characteristics of the voids observed in
the rafts were studied by viewing them under dynami-
cal and kinematical diffraction conditions and also in
underfocused and overfocused conditions. In Fig. 4 a
planar array of small voids associated with a damage
raft is shown. Small voids are much more visible when
the image is slightly out of focus and viewed under
kinematical diffraction conditions. In an underfocus
condition the void image is bright relative to the back-
ground and the image has a dark rim. In an overfocus
condition the void is a dark image with a faint bright
rim [12]. All these image characteristics are displayed
by the voids shown in Figs 4a and b.' When small voids
are viewed under dynamical diffraction conditions
with the Bragg deviation parameter w ~ 0, the image
contrast of the voids depends on the foil thickness and
the depth of the void in the foil. Computed intensity
profiles for small voids (+ = 2nm) in silicon, cal-
culated under dynamical diffraction conditions with
w ~ 0, indicated that these voids can exhibit black -
white or black dot images depending on the foil thick-
ness and depth of the void in the foil [13].



In Fig. 4¢ an example of the black dot void images
is shown when the voids in Figs 4a and b are viewed
under dynamical diffraction conditions with w ~ 0
and in focus. These results verify that the black dot
images which are sometimes observed in rafts under
certain imaging conditions (see Fig. 5a) are indeed
voids and not holes.

(a)

Figure 2 Cross-sectional view of the damaged layer
parallel to the implanted (00 1) surface, shown in two
sections for clarity. Areas corresponding to the same
point are indicated by x. Rafts A, B and C lie on the
(10T), (101) and (10 1) planes, respectively. The dose
is 10""H*ecm~? at 300keV and the specimen was
annealed at 800°C for 15min. The electron beam is
close to the {T10] direction.

In Fig. 5a an example of a raft (A) on the (110)
plane is shown. It can be seen that the raft is elongated
along the [110] direction. It will be shown in Sec-
tion 3.2 that the theoretical fracture stress is lower for
cracking in the [T 1 0] than in the perpendicular [00 1]
direction; thus the crack (split) will spread easier in the
[T10] than the [001] direction. This anisotropic
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(c) 4L

Figure 3 Magnified image of raft on (101) plane (indicated by C in Fig. 2) shown under (a) dynamical and (b) kinematical diffraction
conditions. In (a) the voids are obscured by the strain contrast of the raft. In (c) the raft image is changed from the edge-on configuration
in {a) and (b) to an inclined configuration by a 40° clockwise tilt about {1 T 0]. The two-dimensional character of the rafts is clearly illustrated
by these micrographs, and in (¢) dislocations in the raft plane are also visible. The beam axis in (a) and (b) is close to [T T0] and in (c) it

is close to the [T 1T] direction.
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property explains the observed elongation of the rafts
along the {110} directions.

The presence of the voids and dislocations in the
raft plane is consistent with the identification of a
damage raft as a microsplit which has closed, but
healed imperfectly. By means of tilting experiments, it
was established that the half-loop E (Fig. 5a), which is
generated at the raft, spreads out on the (111) slip
plane which intersects the raft on the (1 10) plane. The
generation of similar types of dislocation at the rafts
is discussed in Section 3.4. In Fig. 5b the dislocations
in the (110) plane of the split are more clearly visible
under the g = 202 diffraction condition. The zigzag
nature of these dislocations is typical of those intro-
duced when a crack (split) on the {110} planes of the
zincblende structure heals imperfectly as theoretically
predicted by Allen [14].

The directions of the Burgers vectors of the disloca-
tions in the raft were determined from the usual
g - b = 0 invisibility criterion. It will be shown that
some of the dislocations in the raft, introduced as a
result of the mismatch of the two (110) surfaces,
could possibly have unit Burgers vectors of the type
+a[00 1] or + (a/2)[110]in the plane of the split. The
possibility that such types of edge dislocation can
form in GaAs has been suggested by Hutchinson and
Dobson {15, 16]. From Figs. 5c and d, where a planar
view of the rafts is obtained by tilting to a [T T 0] beam
axis, it is clear that the dislocation segments parallel to
the [110] direction and indicated by the arrows (1)
are invisible in the g = 220 diffraction condition
(Fig. 5c) and could thus be interpreted as dislocations
with a Burgers vector of the type +a[00 1]. Similarly
the dislocation segments in Fig. Scindicated by (2) are
invisible under g = 004 and could thus be of the type
+(a/2)[110]. Both these dislocations are not con-
tained within a close-packed plane of the face-centred
cubic structure, and thus since they are sessile a jagged
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Figure 4 Small voids observed in proton-bombarded (10'* H* ¢cm >
at 300keV) and annealed (800°C for 15min) GaAs. The viewing
conditions are the following: (a) kinematical diffraction conditions,
underfocused, (b) kinematical diffraction conditions, overfocused,
(c) dynamical diffraction conditions,- in-focus with w ~ 0 and
g = 220. The beam axis is close to the [T 0] direction in all cases.

configuration of dislocation networks could be expec-
ted. Edge dislocations with a Burgers vector of the
type b = (a/2){110) have been observed by Comer
[17] in microcracks on {110} cleavage planes in InP.

A very interesting part of the raft, which is more
clearly visible in a steeply inclined configuration in
Fig. Se, is that indicated by the arrows (3) in Figs 5c,
d and e. These dislocations appear very similar to the
dislocation networks observed by Hutchinson and
Dobson [15] in degraded GaAs lasers. However,
inside/outside contrast experiments performed on the
raft, and in particular the part visible in Fig. Se,
revealed that the raft consists of line dislocations on
the (1 10) planes, in contrast to the results of Hutchin-
son and Dobson who found that their dislocation
networks were dislocation dipoles of extrinsic nature.
The segments of the dislocation network parallel to
the [110] direction, and indicated by the arrows (3),
were found to be visible under all the diffraction con-
ditions used (i.e.g = 220,004,220,022and 202).
The most likely Burgers vector for this network is that
produced by a displacement in the + [T 12} or +[1712]
directions. The proposed Burgers vector for this dis-
placement is given by the reaction

af001] + (¢/2)[110] - (a/2)[T12] (1)

The Burgers vector b = (a/2)[112], which satisfies
the condition g-b # 0 for the different diffraction
vectors used, is a fundamental translation vector and
thus a possibility for a Burgers vector. Although this
Burgers vector is not usually associated with the GaAs
structure, such a displacement (as given by the reac-
tion in Equation 1) is possible when reconstruction of
the two (110) surfaces of the split occurs. The only
way of testing the validity of the identification of the
dislocation given by Equation 1 is by imaging under
g = (111> reflection conditions perpendicular to
the {112) directions in the (1 10) plane. This could
not be done as the defect complex was lost when
in situ heating experiments (~ 580° C for 10 min) were
carried out to study the dynamics of the defects on
heating. However, the important observation that the
dislocation half-loop E glides out fairly easily on the
(111) plane, while the jagged network retains its
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configuration, was made prior to disintegration of the
sample. This observation is consistent with the identi-
fication of the dislocations in the (110) plane of the
raft as sessile dislocations which cannot glide.

The structure of the damage layer of the heavily
bombarded (10”"H*cm™?) GaAs samples differed
strikingly from that of the low-dose samples. Radia-
tion damage was detectable in these samples without
annealing [3, 4]. An example of the precipitated
damage in a sample bombarded with 300 keV protons
at 10" H* em™? and annealed at 600°C is shown in
Fig. 6a. The LSS projected range [8] for 300keV
protons is indicated by R,. Examination of the
damage layer (Fig. 6a) revealed that it consists of
hydrogen platelets (visible as black dots in the surface
layer) indicated by P and a high density of crystal
effects (visible as a dark diffuse band on the micro-
graph) which make the sample almost opaque to
100kV electrons. The damage rafts in these samples
that could be distinguished from the dark band of
defects were visible in the form of rods along the
(112> directions. In Fig. 6a an example of a raft
(A) lying on the (1071) plane is shown. The (110)
projected image of the raft is seen to lie along the
[1T2] direction. In Fig. 6b the defect structure in
Fig. 6a is shown at a higher magnification. Similar
features are observed in a sample bombarded with
5 x 10'*H* cm~? and annealed at 700° C as indicated

Figure 5 A planar view of a damage raft (A) on a (110) plane of a
GaAs sample bombarded with 300keV protons to a dose of
10" H* cm~2 and annealed for 15 min at 800° C. The half-loop E is
generated at the raft and spreads out on the (1 11) slip plane. The
projected range of the protons is indicated by R, . The beam axis in
(a) and (b) is close to [T T T}, in (c) and (d) close to the [T 1 0] and in
(e) close to [1T2]. All the micrographs were recorded with the Bragg
deviation vector, s, slightly larger than zero.

by E and F in Fig. 6¢. In this case the images of the
rafts, which most likely lie on the (10T1) planes, are
projected along the {1 12] direction. In Fig. 6d, voids
present in the rafts and in the damaged layer of a
proton-bombarded (107H" cm™ and annealed at
600° C) sample are clearly visible. The two rafts, indi-
cated by G and H, are projected along the [112]
direction. In the raft indicated by H, the coalescence
of voids in the plane of the raft (or microsplit) has
resulted in the formation of a planar cavity which
most likely lies on the (0 1 1) plane and is elongated in
the [0 | 1] direction. A significant feature of this micro-
graph (Fig. 6d) is that the damage rafts in the heavily
bombarded samples consist of planar arrays of voids
similar to those found in the lower-dose samples as
discussed in the previous paragraphs.

3.2. Theoretical fracture stress of GaAs

In the present case an extension of the Griffiths
fracture analysis was used to determine the order of
magnitude of the pressure inside a platelet required for
crack propagation. According to Messmer and Bilello
[18] the stress required to produce brittle fracture on
the {110} planes under plane strain is given by

6 = REg7/(1 — v)me]” @

where ¢ = stress applied normal to the {1 1 0} planes,
£, = Young’s modulus in the (110> direction,
y. = cleavage surface energy of the {110} planes,
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Figure 6 Defect structure in GaAs bombarded with 300 keV protons. (a) The damage raft is indicated by A and the hydrogen platelets by
P (dose 10" H* cm ™2, annealed at 600° C for 15 min). (b) Micrograph showing the defect structure in (a) at a higher magnification. (c) The
damage rafts are indicated by E and F (dose 5 x 10'* H* cm™?, annealed at 700° C for 15min). (d) The damage rafts are indicated by G
and H (dose 10" H* cm ™2, annealed at 600°C for 15min). The electron beam is close to the [T 10] direction in all the micrographs.

v = Poisson’s ratio and ¢ = half-width of an ellipti-
cal cavity.

If the shape of the bowed-out {110} planes of a
pressurized hydrogen platelet is, as a first approxima-
tion, considered to be analogous to an elliptical cavity
(with ¢ = platelet radius) on a {110} plane stressed in
plane strain, then Equation 2 may be applied to obtain
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Figure 7 Schematic representation of the distortion of the {110}
lattice planes produced by a hydrogen platelet.

2702

the gas pressure in a platelet required to propagate a
crack along the {110} planes.

In recent papers [6, 19] we have suggested that the
lattice distortion caused by a hydrogen platelet will
most likely be of the form shown in Fig. 7. A platelet
can thus be characterized by an effective Burgers
vector (b.s) [6, 7, 19] equal to the total outward dis-
placement of the two {110} lattice planes relative to
one another at the centre of the platelet. The deter-
mination of the effective Burgers vectors of the plate-
lets and the calculation of the gas pressures inside the
platelets were published elsewhere [7, 19, 20].

In order to obtain the dependence of the fracture
stress upon crystal temperature, o was calculated for
different temperatures. Since data on the variation of
y. with temperature was not available, only the tem-
perature dependence of E and v could be used to
determine the variation of ¢ with temperature. E
and v were calculated using the expressions given by
Brantley {21] and the elastic stiffness constants of
Cottam and Saunders [22] and Burenkov et al. [23].
The results of the calculations are listed in Table I
where /is a unit vector in the direction of the applied
stress and m a unit vector along the direction of the
resultant strain perpendicular to /.

For the purpose of iilustration, we calculate the
fracture stress for a platelet radius of 12.4nm (i.e.



TABLE I Young's modulus £ and Poisson’s ratio v for GaAs
for directions I = [01 1]and m = [0 1] for the temperature range
298 to 1073 K

TABLE Il Theoretical fracture stress ¢ in the {I10] direction
as a function of temperature for platelet (with radius = 2.4 nm) on
a (110) plane of GaAs

Temperature E ¥ Temperature o

(K) (10" Nm™?) (K) (10° Pa)
298 1.207 0.021 298 2.31
873 1.127 0.015 873 223
1073 1.103 0.014 1073 2.21

¢ = 12.4nm). Taking y. = 0.86Jm~? [18] and E,,,
and v as listed in ‘Table I, the fracture stress was
calculated as a function of temperature and the results
are tabulated in Table II. It is interesting to notice, if
7. 1s assumed to be constant, that the fracture stress
does not change significantly with temperature in the
range 298 to 1073 K.

Because of the elastic anisotropy of GaAs it was
necessary to take into account the variation of ¢
with crystallographic directions in the {1 10} planes. E
and v were again calculated using the expressions
given by Brantley [21]. Young’s modulus E for the
<011} directions which liec in the {100} planes
was calculated to be 1.207 x 10" Nm~2 at 298 K.
The values obtained for Poisson’s ratio for directions
lying in the {011} planes are tabulated in Table III,
where I and m are_the same as defined before. Using
Equation 2 and taking y, = 0.86Jm 2 E,,, = 1.207 x
10" Nm~? and v as listed in Table III, the fracture
stress for a hydrogen platelet with radius 12.4nm
(i.e. ¢ = 12.4nm) was calculated for various direc-
tions in a (0 1 1) plane, and the results are tabulated in
Table IV.

It is clear from the results listed in Table IV that
the fracture stress increased by approximately 10%
with crystallographic direction going from the [0T1]
to the [100] direction in the (0 11) plane. A physical
explanation for this phenomenon can be given if the
GaAs crystal structure is viewed along the [T100] and
perpendicular [0 T 1] directions as shown in Fig. 8. For
a given longitudinal stress applied in the direction
{ =[011], one would expect a smaller transverse
strain along the orthogonal direction m = [011] than
along the direction m = [100]. This effect arises due
to the difference in atomic configuration in the GaAs
structure when viewed along the [T00] and [0T1]
directions as shown in Figs 8a and b. Due to the
straight nature of the atomic bonds along the [011]
direction when viewed along the [100] direction (see
Fig. 8a), the atoms are held more rigidly and displace-
ment in the [017] direction, due to the bond-angle
changes, is not possible. In the [T100] direction, since
the atomic bonds run in a zigzag fashion (see Fig. 8b),
a larger contraction is possible as the covalent bond
angles increase. The smaller value of v in the [01]1]
than in the [T 0 0] direction is thus understood in terms
of the difference in covalent bond angles in these two

directions. From Equation 2 it follows that the frac-
ture stress ¢ is proportional to (1 — v*)™'"? and
therefore ¢ will increase with increasing v for a given
E. This argument explains the variation of fracture
stress with crystallographic directions in {1 1 0} planes
as can be seen from the results listed in Table IV.
These results will be used to explain the elongated
shape of the damage rafts in Section 3.4.

Finally, in order to show that the coalescence of
overpressurized platelets can result in microsplit
formation, it was necessary to calculate the fracture
stress as a function of platelet radius. Using Equa-
tion 2 and taking E,;, = 1.207 x 10""Nm2, y, =
0.86Tm 2 and v = 0.021, the fracture stress in the
[0T1] direction for a platelet on a (011) plane was
calculated as a function of the platelet radius and the
results are tabulated in Table V. The variation of the
theoretical fracture stress with platelet radius is graph-
ically illustrated in Fig. 9. The significance of the
results listed in Table V is discussed in the next section.

3.3. Microsplit formation

The pressure necessary for crack propagation (i.e. the
theoretical fracture stress) decreases with platelet
radius as shown in Fig. 9 and Table V. For compari-
son the experimentally determined pressures inside the
platelets as a function of platelet radius are also
plotted in Fig. 9. The temperature was chosen as
800° C since microsplits were first observed at this
temperature in samples subjected to a proton dose of
5 x 10°"H*cm™. The pressures were calculated
using van der Waal’s equation [7, 19].

In the present study it was assumed, for the purpose
of the calculations and discussions, that the platelets
were formed by the removal of a double {110} layer
of GaAs atoms [6, 7, 19]. The pressures obtained for
these platelets are indicated by the words “one double
{110} layer” in Fig. 9. Tt is possible, however, that
more {110} layers can be removed during the growth
process of the platelets. This increase in platelet
volume will cause an increase in the calculated
pressures; however, it will not change the measured
value of by, since the removal of two or three addi-
tional double {110} layers will not affect the strain
contrast image of the platelet within the limit of
resolution of the electron microscope. The possibility
that a platelet can consist of more than one atomic

TABLE Il Calculated values for Poisson’s ratio v for GaAs at 298 K

Crystal plane and directions (100) 21D (233) 011
[=[011] [=[011] 1=[011 I=[011]
m=[0T1] m=[1T1] m=[11] m = [100]
v 0.021 0.162 0.366 0.443

2703



m=[017)

A _
. 0T)

—>
m =100

Figure 8 Schematic representation of the crystal structure of GaAs viewed along (a) the [T 00] direction and (b) the [0 T 1] direction.

layer has been suggested by Evans ez al. [24] in the
case of helium platelets in molybdenum. Thus, in
order to establish the effect of the choice of the initial
volume of the platelet on the pressure in the platelet,
a platelet formed by the removal of two double {110}
Ga-As layers was considered and the corresponding
pressures calculated using the same procedure as
reported before [7, 19]. The pressures obtained for
these platelets are indicated by the words “‘two double
{110} layers” in Fig. 9.

The plots in Fig. 9 show that the pressures in the
platelets at 800° C are below the estimated value for
crack propagation. However, considering the fact that
all the calculations are subject to approximations, it is
significant that the pressures in the uncracked platelets
are so close to the theoretical fracture stress. Since
the fracture stress decreases with increasing platelet
radius, the coalescence of four platelets with radii
equal to 17nm will reduce the value of the fracture
stress to ~ 10° Pa (see Fig. 9 and Table V) which is just
above the value of ~6 x 10° Pa for the pressure in a
platelet with radius 17 nm (see Fig. 9 for platelets with
two missing double {110} layers). It is proposed
here that the microsplits were formed when the plate-
let radius and fracture stress were discontinuously
increased and decreased, respectively, by the coalesc-
ence of edge-on neighbouring platelets on the same or
closed spaced {110} planes. Such a process is likely to
occur because platelets will attract one another as
would dislocation loops of the same configuration.
The inference that coalescence of two or more plate-
lets may occur is confirmed by the experimental obser-
vation that platelet clusters exist in certain regions of
the damaged layer, as shown by the arrows in Fig. 11d
below.

The fact that the crack (split) formation occurs at a
much lower temperature (~ 500°C) for the higher-
dose (10" H* cm™?) samples than in the case of the
lower-dose (5 x 10" H' cm™?) samples where crack-

TABLE 1V Theoretical fracture stress ¢ at 298 K as a function
of crystallographic direction for a platelet (r = 12.4nm) on the
(01 1) planes of GaAs

Property Crystal plane and directions
o1 ©11) 11 (oL
[011] (11 B311] [100]
v 0.021 0.162 0.366 0.443
o (10° Pa) 2.31 2.34 2.48 2.57

ing first occurs at 800°C, can be ascribed to the
following facts: firstly, that the maximum platelet
diameter in the higher-dose sample is about a factor of
2.5 higher than those in the lower-dose samples; and
secondly, that the platelet density is about a factor of
2 higher in the 10" H" cm? than in the 5 x 10" H*
dose samples [4]. Thus the higher platelet density
together with the larger platelet radii in the higher-
dose samples will increase the probability of coales-
cence of platelets in close proximity, which in turn will
result in cracking at lower temperatures compared to
the lower-dose samples.

Finally, it was found that annealing for 15min
at 1000°C causes the platelets to disappear from
the damaged layer in 5 x 10" H*cm™2? and
10 H" cm™? bombarded samples. Only damage
rafts, voids and glissile dislocations generated at the
rafts were present in the damaged layer after this heat
treatment. It is therefore clear that at 1000° C either all
of the platelets contribute to crack formation or the
remainder of the platelets are absorbed at the free
surfaces of existing microsplits.

The conclusion that the microsplits in these samples
occurred as a result of the stresses introduced by the
hydrogen gas from the proton bombardment is con-
firmed by the fact that no microsplits, voids or dis-
locations were present in high-dose boron-implanted
GaAs [25]. Schwuttke [26], using the technique of
TEM, observed microsplits in silicon and suggested
that they were introduced during the sawing and
polishing operations of the silicon wafers. It was also
found that microsplits in GaAs [27, 28] and other
ITI-V compounds [29, 30] could be introduced by
externally applied stresses. The results of the present
study have, however, revealed that stresses produced
by gaseous hydrogen from the proton bombardment

TABLE V Theoretical fracture stress ¢ at 298K in the [011]
direction for a platelet on a (0 11) plane as a function of platelet
radius

Radius (nm) o (10° Pa)
5.6 3.44
8.0 2.87
12.4 2.31
14.4 2.14
16.0 2.03
17.0 1.97
340 2 x 17.0) 1.39
68.0 (4 x 17.0) 0.99
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can also lead to the formation of microsplits in GaAs.
This finding is in agreement with the studies done by
Takeyama and Takahashi [31, 32] on fracture due to
hydrogen embrittlement in iron. These authors sug-
gested that the formation of microcracks by fracture
in this metal was caused by the pressure generated by
the hydrogen gas which had precipitated in small voids.

3.4. The elongated shape of the damage rafts
An interesting property of the damage rafts was that
they were found to lie on the {110} cleavage planes
and were elongated along the <110 directions. This
property, which can be explained in terms of the vari-
ation in fracture stress with crystallographic direction
in the {110} planes, is consistent with the identifi-
cation of the rafts as microsplits which have closed.
The degree of elongation of the rafts was determined
by tilting them into planar orientations (see for example
the rafts in Fig. 5d and Fig. 11b below) and measuring
their dimensions along the perpendicular <00 1) and
{110) axes. The ratio of the lengths of their (001> to
(110> axes was found to lie between 0.32 and 0.36, as
can be seen from the results listed in Table VI for three
typical examples.

In Fig. 10 a schematic (1 10) cross-section of a
damage raft is shown with the theoretical fracture
stress indicated for the various directions in the (1 10)
plane. The fracture stress was calculated for an ellipti-

\[001] o'=257x10° Pa

(i13] 0=2.48x10°Pa
(311

-

cal cavity (considered to be a good approximation for
a hydrogen platelet) of width 24.8 nm (see Table IV).
It is clear from Fig. 10 that the fracture stress is lower
in the [T 10] than in the [00 1] direction, and therefore
it is expected that a crack on a {110} plane will
propagate easier along the (110> than the <001)
direction. This property explains the observation that
the rafts are always elongated along the {110} direc-
tions with a <001 to (110> axis length ratio of
~0.3. In the next section the effect of these microsplits
on the surrounding bulk crystal will be discussed. In
particular, the capture of vacancies at microsplits,
as well as the stress generated at a split, will be
investigated.

3.5. Volume swelling and lattice strain

A detailed examination of the damaged layer revealed
that the regions around the rafts were denuded of
small hydrogen platelets. The rafts apparently act as
sinks for the vacancies which would otherwise preci-
pitate in platelets or vacancy loops, if no hydrogen is
present. In Fig. 1la a cross-sectional strip of the
damaged layer is shown with a raft (A), dislocation
(D), voids and platelets (P) indicated. A significant
feature of this micrograph, which is also evident in
Fig. 2 and in many other observations, is the absence
of small platelets near the rafts. The average distance
between the rafts and surrounding platelets, obtained

=234 %107 Pa

\\ —-
RGN
- Jo=231x10°Pa

Figure 10 A schematic (1 1 0) cross-section
of a damage raft constructed according to
the dimensions given in Table VI. The
fracture stress for a number of directions
in the (1 1 0) plane is also indicated.
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Figure 11 (a) Cross-sectional TEM micrograph showing the defect structure in GaAs implanted with 5 x 10 H* cm~? at 300keV and
annealed at 900° C for 15 min. The damage raft is indicated by (A) and the platelets by (P). The beam direction is close to the [T T0] direction.
In (b) a magnified image of the raft (A) is shown. In (c) the planar nature of the raft is illustrated by tilting the foil about the [T 10] axis
from a [T T0] beam axis in (b) to a [T T 2] beam axis in (c). In (d) the clustering of some of the platelets in (a) is shown at higher magnification.

from Figs 2 and 11, ranges from 0.4 to 1.2um. In
order to establish whether vacancy diffusion can take
place over distances of ~ 1 ym during a 15 min anneal
at 800° C, a knowledge of the diffusion coefficient for
vacancy migration in GaAs is necessary. Because
there are not sufficient data available on the diffusion
of vacancies in GaAs, it was necessary to look at
diffusion studies of vacancies in germanium. The dif-
fusion coefficient for monovacancies in the elemental
semiconductors silicon and germanium is given by [33]

—AH
%dévexp(%)exp( kATm) (3)

where 1 is a geometrical factor appropriate to the
diamond lattice, d, is the interatomic spacing, v
is taken as the lattice vibration frequency, k is
Boltzmann’s constant and T the temperature. AS, and

D, =

TABLE VI The ratio of the magnitudes of the (110} to
{001 axes of damage rafts

{110} axis 001> axis {001} axis
(um) (um) {110) axis
111 0.40 0.36
1.73 0.56 0.32
1.10 0.40 0.36
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AH,, are the entropy and enthalpy of vacancy migra-
tion, respectively.

The experimentally determined enthalpy for mono-
vacancy migration in germanium was found to vary
from about 0.2¢eV at low temperatures to 1.2¢eV at
high temperatures [34]. Thus in the present study, where
the GaAs samples were annealed at 800° C, we may as
a rough estimate use the high-temperature (~ 780° C)
vacancy annealing data of Hiraki [35] who obtained,
for the diffusion of monovacancies, a diffusion
coefficient

D, = 2exp[—(1.2eV)/kT]cm’sec™'  (4)

The mean distance travelled by the vacancy, {x), is
given by

(xy ~ (Dy1)'”? ()

where 7 is the time of anneal. Setting 77 = 1073 K and
t = 15min in Equations 4 and 5, one obtains

(x> ~ 600 um

In the case of vacancy diffusion in GaAs, only a
very rough estimate of the mean distance travelled by
a vacancy is possible. According to Lang [36] the
entropy factor AS/k for vacancy diffusion in GaAs is
estimated to be ~8.



Thus taking dy ~ 0.24nm, v = 10" sec™" [37],
AS, /k =8, AH, = 1eV [38] and T = 1073K in
Equation 3, one obtains D, = 3 x 10 %cm !

“sec.
Substituting this value in Equation 5 and setting
t = 15min, one obtains (x> ~ 0.3 cm which is about
an order of magnitude higher than the value obtained
in the case of germanium.

Although this calculation is based on an estimate of
the pre-exponential factor, the mean distance travelled
by a vacancy in germanium and GaAs during a 15 min
anneal at 800°C is at least a few orders of magni-
tude higher than the average distance of ~1um
between the rafts and surrounding platelets. However,
annihilation of the vacancies may occur by vacancy—
interstitial recombination (both self-interstitials or
hydrogen atoms may annihilate vacancies), and thus
the effective diffusion length of the vacancies will be
greatly reduced. The observed distance of ~1pum
between the rafts and platelets in the present study
suggests an effective diffusion length of ~ 1 um for a
vacancy in these proton-bombarded samples. This
value is of the same order of magnitude as the diffu-
sion length of ~3.5um observed for vacancies in
proton-bombarded silicon at 900° C [39]. These results
thus verify the assumption that the free surfaces of the
microsplit act as sinks for the surrounding vacancies
and thus create a region denuded of platelets (i.e.
hydrogen-filled vacancy loops) around the damage
rafts.

In Fig. 11b a magnified image of the raft (A) in
Fig. 11a clearly shows the voids and dislocations in the
raft plane. Tilting experiments, as already discussed
earlier, have indicated that the raft lies in the vicinity
of the (110) and (22 1) planes, while it is elongated in
the [110] direction. The fact that this particular raft,
in contrast to all the other damage rafts studied, lies
close to but not on the (110) plane is not unusual
since Allen [29] has indicated that crack propagation
in [II-V compounds sometimes deviates from the
{110} cleavage planes. In Fig. llc the planar nature
of the raft is illustrated by tilting the foil through 52°
about the [110] axis in the direction indicated.

The formation of voids by the cooperative coales-
cence of hydrogen atoms and vacancies in the raft will
lead to a volume swelling in this region. The magni-
tude of the volume swelling in the raft was estimated
by calculating the void volume density AV/}V in the
raft. The measurements were based on the assumption
that the voids are spherical. The thickness of the raft,
as determined by the voids, was measured by tilting it
in an edge-on configuration. The volume swelling in
the raft shown in Fig. 11b was found to be ~11%.
Due to the volume swelling in this region, stresses
will be introduced in the surrounding material. It is
suggested that the dislocations emanating from the
rafts (see Figs 13 and 14 below) are introduced to
relieve the stress generated by the volume swelling.

The absence of strain contrast around the spherical
voids shown in Fig. 11b indicates that the gas pressure
Pisin equilibrium with the surface tension of the void
surface. In this case the pressure is given by [40]

P = 2y/r (6)

TABLE VII The gas pressure in voids as a function of radius

Radius (nm) Pressure (10* Pa)
6.0 2.8

10.0 1.7

14.0 1.2

20.0 0.9

where r is the void radius and y the surface energy.

- Taking y = 0.86Jm~? [18], the gas pressure in the

voids was calculated as a function of void radius, using
Equation 6, and the results are listed in Table VII.

It is interesting to note that the gas pressures in
the voids are of the same order of magnitude as the
pressures in the platelets (see Fig. 9) of the same radii.
However, in the case of the voids the lattice strain
around the void has been eliminated by capturing a
sufficient number of vacancies so that equilibrium
between the pressure and surface tension of the void is
attained.

In GaAs bombarded with protons to a dose of
10" H* cm~” and annealed at 1000°C the damaged
layer contains a high density of voids which lead to a
peak volume swelling of 2.5% [4]. In this case, the
swelling can expand in a direction perpendicular to
the surface and thus eliminate the stress in this direc-
tion. Parallel to the surface no relaxation is possible,
and thus the large compressive stresses present in the
damaged layer will generate tensile stresses in the
underlying substrate crystal [41, 42] and also in the
surface layer as illustrated in Fig. 12a. The volume
swelling in the damaged layer thus subjects the surface
layer and underlying substrate crystal to tensile
stresses as illustrated in Fig. 12a. In the case of a
damage raft, which is held rigid by the surrounding
bulk crystal, a volume swelling of ~11% (which is
extremely high) in the raft would generate tensile
stresses in the surrounding material as schematically
illustrated in Fig. 12b. As a consequence of the tensile
stresses, shear stresses on the {111} slip planes will
develop. In the present case, experimental obser-
vations indicate that these shear stresses are largely
eliminated by glissile dislocations (see Figs 13 and 14)
which are generated on the {11 1} slip planes intersect-
ing the rafts on {110} planes. It was found that these
emitted dislocations are of the (2/2)<{110) type and
spread out on the {1 11} planes in a similar manner as
usually demonstrated for a Frank-Read source.

In Fig. 13a an edge-on view of a raft (C) lying on the
(110) plane is shown. The rafts were found to act as
dislocation sources as reported earlier [5]. By means of
tilting experiments it was found that the dislocations
(D) generated at the raft (C) spread out on the (111)
slip plane and are cut off where they intersect the
bottom surface of the foil. In Fig. 13b, the conditions
for invisibility for the dislocations generated at the raft
(C) in Fig. 13a are shown. Under the two-beam con-
dition with g = 004, the only Burgers vectors of the
type (¢/2)<1 10> which would be invisible are those
with b = +(a/2)[110]. This Burgers vector is charac-
teristic of the type of glissile dislocation usually associ-
ated with the GaAs structure [43].

In Figs 13c and d wider projected images of the raft
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Figure 12 Schematic representation of the stresses generated by the swelling in the damaged layer of (a) a high-dose proton-bombarded

sample and (b) in the case of a damage raft.

shown in Fig. 13a are obtained by tilting through 27°
about the [0 0 1] axis in the directions indicated. It can
be seen in Fig. 13c that the raft consists of a planar
array of voids lying on the (110) plane. Another
example of the voids present in a raft is shown in
Fig. 13e. The generation of the two glissile disloca-

tions (D) at the intersection of the (111) plane with
the (110) plane of the raft is also clearly illustrated in
Figs 13c and d. The cut-off dislocations (D) generated
at the raft in Fig. 13a clearly represents the leading
section of a Frank—Read source [44] while the cut-off
dislocations generated at the raft (E) in Fig. 14a

Figure 13 (2) A damage raft (C) on a (110) plane which acts as a dislocation source in GaAs implanted with 10 H* ¢cm™~? at 300 keV and
annealed at 800° C for 15 min. The dislocations (D) spread out on the (1 1 1) slip plane. In (b) the condition for invisibility of the dislocations
(D) generated at the raft is shown. The beam axis in (a) and (b) is close to the [110] direction. In (c) and (d), wider projected images of the
raft (C) are obtained after tilting through 27° about the {00 1] axis in the directions indicated. (¢) Micrograph showing the voids in a raft
on a (10T) plane (dose 5 x 10" H* cm ™2, annealed at 900°C for 15min).
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[110]

pul—— 4

Figure 14 An edge-on view of a raft on the (110) plane in a planar thinned GaAs sample implanted with 10" H* cm~? at 300 keV and
annealed at 500°C for 15min. The dislocations (D) generated at the raft spread out on the (T1711) slip plar}_e. In (b) the conditions for
invisibility of most of the dislocations generated at the raft (E) are shown. The beam axis is close to the [00 T} direction.

represents the closure sections of the loops generated
by the source.

In Fig. 14a an edge-on view of a damage raft (E) in
a planar thinned sample is shown. The dislocations (D),
generated at the raft (E) on the (110) plane, are seen
to spread out on a slip plane that can be identified as
the (11 1) by sample tilting and are cut off where they
intersect the top and bottom surfaces of the foil. In
Fig. 14b the conditions for invisibility of most of the
dislocations generated near the raft (E) in Fig. 14a are
shown. Under the two-beam condition withg = 220,
the only Burgers vectors of the type (a/2) {1 10> which
would be invisible are those with & + (a/2)[1 1 0]. This
Burgers vector again is common to the GaAs structure
[45]. It is interesting to notice that the glissile disloca-
tion furthest from the raft in Fig. 14 has glided over a
distance of about 1 um.

It was suggested in the beginning of this section that
these glissile dislocations are introduced at the rafts
to relieve the stresses generated between the raft and
surrounding bulk crystal as a result of the volume
swelling in the raft. An estimation of the magnitude of
the stresses involved in the dislocation generation can
be obtained by calculating the shear stress 7, required
to bend one of these glissile dislocations to a radius R.

{110
Y

(111 b=(a/2)[110]

{a)

This stress is given [44] by

0.5ub
T, = ™

where p is the shear modulus, b the Burgers vector and
R the radius of curvature.

For the half-loops with b = (a/2)<110) shown in
Figs Sa and 13a the radii of curvature were measured
to be 0.43 and 0.33 um, respectively. Substituting
these values in Equation 7 and taking p = 4.9 x
10 Nm~2 [19] one obtains for the shear stresses
values of ~2 x 10" and 3 x 10" Pa for the half-loops
in Figs 5a and 13a, respectively. However, it is clear
from Equation 7, that the shear stress required to
expand the half-loops will decrease with increasing R
(or distance from the raft), and therefore the stress
required to nucleate these dislocations will be higher
than the values to propagate them or keep them in con-
figurational equilibrium. The peak compressive stress
(as a result of volume swelling [42]) in the implanted
region of a proton-bombarded (5 x 10° H* cm ™2
at 140keV) fused silica sample was measured by
EerNisse [46] to be of the order of 10° Pa. This result
thus indicates that larger shear stresses will develop on
{111} planes in the bulk material surrounding the

Figure 15 (a) Schematic representation of the generation of a glissile dislocation on a (1 1 1) plane at the intersection of a damage raft on
a (T10) plane (see for example the raft in Fig. 13). In (b) the nucleation of a dislocation at the point of a void which acts as a stress
concentrator is shown. The dislocations then spread out on the (11 1) plane.
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raft. It is suggested that the sharp points of faceted
voids or very small voids, present in the rafts, may act
as stress concentrators and provide surface sources for
the generation of glissile dislocations which will then
spread out on the {111} slip planes intersecting the
{110} planes of the rafts. This process is schematically
illustrated in Figs 15a and b. Other examples of the
generation of glissile disiocations at damage rafts are
given elsewhere [4].

4. Summary and conclusion

The precipitated damage in low-dose (10" and 5 x
10" H* cm~?) proton-bombarded GaAs annealed at
temperatures of 500° C and above was found to con-
sist of hydrogen platelets (i.e. hydrogen-filled vacancy
loops) on the {110} cleavage planes of GaAs. It
is suggested that these platelets were formed by
the cooperative coalescence of hydrogen atoms and
vacancies during the 15 min annealing process. How-
ever, in the 5 x 10 H* cm™? samples annealed
at 800°C and above, or the 10'* H* cm~? samples
annealed at 500° C and above, the damage precipitation
was heterogeneous, consisting not only of platelets but
also containing damage rafts (i.e. three-dimensional
dislocation-void clusters).

The damage rafts were found to consist of planar
arrays of voids on the {110} planes and were elon-
gated along the {110) directions. It is proposed that
damage rafts originate at microsplits on the {110}
cleavage planes of GaAs, following the cracking open
of small hydrogen-filled platelets when the internal gas
pressure exceeds that which is necessary for crack
propagation. It was shown that the edge-on coales-
cence of a few hydrogen platelets will lead to a situ-
ation where the internal gas pressure in the platelet
cluster will approach the theoretical fracture stress of
GaAs along the {1 1 0} planes. The presence of voids
in the raft plane is consistent with the model of a
microsplit where the free surfaces of the split act as a
sink for surrounding vacancies.

The elongation of the rafts on (110) planes was
characterized by a [00 1] to [T 10] axis ratio of ~0.3.
This result was explained in terms of the lower frac-
ture stress in the [110] than in the [00 1] direction
which is a result of the elastic anisotropy of GaAs. The
presence of jagged line dislocations in the raft plane
indicates that the microsplit has closed but healed
imperfectly. Tt was shown that these dislocations,
which were probably introduced due to the mismatch
of the two surfaces, could have Burgers vectors of the
type +(a/2)[110], +4a[001] and =+ (a/2)[112) lying
in the (110) plane of the split.

The critical temperature and proton dose for micro-
split formation in GaAs were determined to be 5 x
10" H* em~? for samples annealed at 800°C, or
10" H* ecm~? for samples annealed at 500°C. The
annealing time in both cases was 15 min.

From a consideration of the distances between
damage rafts and hydrogen platelets, an average diffu-
sion length of ~ 1 um was estimated for vacancies in
proton-bombarded GaAs at ~900°C.

The volume swelling in a typical damage raft was
calculated to be ~11%.
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Glissile dislocations of the type (@/2){110) are
generated on the {111} slip planes, intersecting the
rafts on {110} planes, in a similar manner to that
usually demonstrated for a Frank-Read source. It is
suggested that the shear stresses which develop as a
consequence of the volume swelling in the raft are
responsible for the generation of these dislocations.
The glissile dislocations generated at the rafts were
found to glide over distances of about 1 um during the
15min anneal at temperatures in the range 500 to
800° C.

The glissile dislocations observed in the present
study are similar to the straight-line {110} dark-line
defects observed in degraded Ga,_,Al As laser
devices [47, 48]. It is thus concluded that the radiation
damage together with the hydrogen gas in proton-
bombarded GaAs are responsible for the formation of
microsplits, which if present in a double heterostruc-
ture laser [49] will generate glissile dislocations which
may spread into the stripe (active) region and lead to
the degradation of the device. A discussion of the
similarity between the damage rafts and dislocations
generated at the rafts and the dark-line defects found
in degraded Ga,_ Al As laser devices will be pub-
lished elsewhere.

A recent calculation of the gas pressures in hydro-
gen platelets, using a more accurate model than before
[7], revealed that the room-temperature pressure in the
platelets is of the order of 10° Pa [19].
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