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This paper compares earlier transmission electron microscopy results of dislocation loops generated in
n-type GaAs by 1 MeV electron and fast neutron irradiation with recent Cs-corrected high angle annular dark
field scanning transmission electron microscopy imaging of {110} and {111} dislocation loops in neutron irradiated
and annealed (600 ◦C for 20 min) n-type GaAs. High angle annular dark field scanning transmission electron
microscopy revealed that the {110} loop plane consists of two layers of Ga and As atoms, which is consistent with
the model for a {110} pure-edge interstitial dislocation loop in GaAs. The loop plane of the {111} interstitial loop
consists of one layer of Ga and As atoms while the stacking sequence across the loop is consistent with that of
an extrinsic stacking fault. The projected positions of the Ga and As atom columns across the extrinsic stacking
fault plane of the {111} loop indicate polarity continuation across the loop and the preservation of charge neu-
trality. The annealing stage at 500 ◦C found to be the minimum temperature for small dislocation loop formation
visible in transmission electron microscopy, agrees with the final annealing stage of 400–600 ◦C for the electrical
conductivity of electron irradiated n-type GaAs. It is proposed that {110} loops in proton bombarded GaAs are
the same type of interstitial loops found in neutron irradiated GaAs while hydrogen platelets form on {111} planes
in GaAs exposed to a hydrogen plasma at 180 ◦C or in high-dose proton bombarded GaAs.
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1. Introduction

Gallium arsenide (GaAs) is a very promising semicon-
ductor material for space solar cells — it has a higher
conversion efficiency and better radiation resistance than
silicon (Si) [1, 2]. Solar cells used in space are exposed to
severe radiation and the lattice defects induced by high-
energy electron and proton irradiations cause a decrease
in the power output of the solar cells [1]. The study
of radiation damage in GaAs therefore remains relevant
since a thorough understanding of the mobility and ag-
glomeration behavior of irradiation induced point defects
in GaAs is important for its widespread use in space
missions where higher conversion efficiencies and radia-
tion resistance are required. Although the first author of
this paper has investigated radiation damage and the for-
mation and growth of dislocation loops in n-type GaAs
since the 1980s [3–5], we are not aware of any transmis-
sion electron microscopy (TEM) study of neutron irradi-
ated GaAs published to date. The earlier TEM studies
of radiation damage in proton bombarded GaAs [3–5]
were also done long before probe-Cs-corrected high angle
annular dark field (HAADF) scanning transmission elec-
tron microscopy (STEM) imaging became available and
hence it was challenging to distinguish between an inter-
stitial dislocation loop and a hydrogen platelet without
being able to resolve the atomic structure of the loop or
platelet directly.
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In earlier papers, the first author (J.H.N.) and
co-workers concluded that the loop-like defects on
{110} planes present in 300 keV proton bombarded
(1015 to 1016 H+ cm−2) n-type Si-doped GaAs an-
nealed in the range 500 ◦C to 900 ◦C were hydrogen filled
vacancy loops (called hydrogen platelets) [3–5] which,
due to the gas pressure inside the loops, would ap-
pear to be of interstitial nature [3]. This conclusion
was supported by still earlier reports of vacancy loops
on {110} planes observed in Si- and Te-doped GaAs
annealed at high temperatures [6–8] and the fact that
for low dose electron irradiated n-type GaAs, point-
defect annealing already occurs in the temperature range
200 to 300 ◦C, which is evidence for point defect mobility
in this temperature range [9]. The new data presented
in this paper allows for a reinterpretation of the older
defect models in proton bombarded n-type GaAs, i.e.
the {110} loops in proton bombarded and annealed GaAs
are now considered to be interstitial dislocation loops
while hydrogen platelets form on {111} planes in high-
dose proton bombarded GaAs (5 × 1016–1017) annealed
in the range 180–230 ◦C.

The development of probe-Cs-corrected STEMs with
the HAADF imaging mode has provided a powerful tech-
nique for determining the structural and chemical infor-
mation at atomic resolution. This technique has recently
been used by Olivier and co-workers to solve the long-
standing problem of the atomic structure and local chem-
istry of {001} platelet defects in type Ia diamond [10].
The current paper compares earlier TEM results of dislo-
cation loops generated in n-type GaAs by 1 MeV electron
and fast neutron irradiation with recent Cs-corrected
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HAADF STEM imaging of {110} and {111} dislocation
loops in neutron irradiated and annealed n-type GaAs.
The annealing stage where radiation induced intersti-
tial atoms coalesce to form dislocation loops visible
in TEM, is correlated qualitatively with the final anneal-
ing stage of the electrical conductivity of electron irradi-
ated n-type GaAs [9].

2. Experimental details

Electron irradiation of (001) n-type Si-doped
(1× 1018 carriers/cm3) GaAs samples was done in
an AEI EM7 high voltage electron microscope (HVEM)
at an accelerating voltage of 1 MV (Max Planck Insti-
tute, Stuttgart). The HVEM was also used for in situ
observation of the evolution of radiation damage with
annealing temperature in the range −223 to 500 ◦C.
The neutron irradiation of (001) n-type GaAs wafers,
to a total neutron fluence of 2.8 × 1020 neutrons/cm2,
was carried out at the nuclear energy corporation
of South Africa (NECSA). The neutron irradiated
samples were annealed in a furnace at temperatures
of 600 to 900 ◦C, for 20 min in flowing argon. Final
TEM foil thinning was done by using argon ion milling
in a Gatan PIPS system. For initial conventional TEM
investigations, Philips EM 420 and CM20 TEMs were
used. HRSTEM specimens were prepared by using
a Helios Nanolab 650 focused ion beam (FIB) SEM.
HAADF STEM imaging was carried out using a dou-
ble Cs-corrected JEOL ARM 200F. Electron energy
loss (EEL) spectrum imaging, used to map the positions
of Ga and As atom columns across a {111} dislocation
loop, was performed using a probe-Cs-corrected JEOL
ARM 200F (at the Max Planck Institute in Stuttgart).
The experimental parameters used for STEM spec-
trum imaging are the following: probe diameter
≈ 0.09–0.1 nm, convergence angle 21 mrad, spectro-
meter entrance aperture acceptance angle ≈ 82 mrad,
pixel dwell time 0.02 s, and pixel size (step size) 0.04 nm.
The spectrometer was operated in Dual EELS mode,
with a dispersion of 1 eV/ch and high spectrum energy
window 600–2620 eV energy loss.

3. Results

The preliminary results of the in situ electron irra-
diated and annealed n-type GaAs was reported earlier
in [11]. A (001) n-type Si-doped (1× 1018 carriers/cm3)
GaAs TEM foil was irradiated with 1 MeV elec-
trons at a temperature of −223 ◦C and a dose rate
of 4× 1019 e/(cm2 s). The electron beam direction was
close to the [001] with g = 220 and s ≈ 0. Radia-
tion damage in the form of dark diffuse clusters became
visible after 8 min of irradiation as shown in Fig. 1a.
The sample was then allowed to heat up slowly from
−223 to 17 ◦C while it was observed in situ, but no evi-
dence of dislocation loop formation was found. By us-
ing the same dose rate as before, GaAs was irradi-
ated at room temperature and small defect clusters

became visible after 10 min. The temperature was
then slowly increased and a dramatic and rapid change
in the defect cluster structures took place at 500 ◦C
with the formation of small dislocation loops on {110}
and {111} planes of which a typical example is shown
in Fig. 1b. In order to determine the vacancy/interstitial
nature of the loops, a (110) GaAs sample was irradiated
at 25 ◦C using the same conditions as before, and then
annealed in a furnace at 800 ◦C for 4 min under argon
flow. The larger loops on {110} planes were analysed us-
ing the inside/outside contrast method and found to be
of interstitial nature as reported earlier [11].

Fig. 1. Bright field HVEM images of 1 MeV electron
irradiated GaAs showing the radiation induced defect
structure at (a) −223 ◦C and (b) 500 ◦C. The beam
direction is close to 〈001〉.

A comparison of the radiation damage in proton
and electron irradiated n-type GaAs is not trivial since
the defects formed in proton irradiated and annealed
GaAs consist of interstitial {110} loops [3], {111} hy-
drogen platelets and planar void/gas bubble rafts [12].
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Therefore neutron irradiated GaAs was used to study
radiation induced dislocation loops without the addi-
tional contributions of hydrogen as found in proton irra-
diated GaAs. (001) n-type GaAs wafers were irradiated
to a total fast-neutron fluence of 2.8× 1020 neutrons/cm2

and annealed in the range 600 to 900 ◦C for 20 min.
Bright field TEM investigations of the neutron irradi-
ated and annealed GaAs revealed a high density of dis-
location loops as shown in Fig. 2a and b for annealing
temperatures of 600 and 800 ◦C, respectively. Larger
loops on {110} planes were analysed using the method
of inside/outside contrast (see Fig. 3) and found to be of
interstitial nature.

Cs-corrected HAADF STEM was used to image small
{110} and {111} dislocation loops in neutron irradiated
GaAs annealed at 600 ◦C. Figure 4 shows a HAADF
STEM image of an interstitial loop on a {110} plane
viewed edge on. A Burgers circuit drawn around the dis-
location loop line indicates that the loop consists

Fig. 2. Bright-field TEM micrographs of neutron ir-
radiated and annealed GaAs at (a) 600 and (b)
800 ◦C for 20 min. The loops viewed edge-on on
(110) planes perpendicular to the g = 220 operat-
ing reflections, display typical strain contrast images
with lines-of-zero contrast perpendicular to the oper-
ating g-vector. The beam direction is close to [001].

Fig. 3. Determination of the intrinsic/extrinsic nature
of dislocation loops in n-type GaAs irradiated with neu-
trons and annealed at 900 ◦C for 20 min. (a) The loop
indicated by the arrow exhibits outside contrast with
inset showing the operating reflection. (b) The loop in-
dicated by the arrow exhibits inside contrast with inset
showing the operating vector g = 400. The electron
beam is close to the [001] direction for both (a) and (b)
and s > 0.

of a two layers of Ga and As atoms, which is consis-
tent with the model proposed by Hutchinson and Dob-
son [13] for a {110} pure-edge interstitial dislocation
loop in GaAs with a Burgers vector of b = (a/2)〈110〉.
Hence, it is proposed that the {110} interstitial disloca-
tion loops found in proton, electron and neutron [3, 11] ir-
radiated n-type GaAs annealed at temperatures of 500 ◦C
and above form by the coalescence of radiation induced
Ga and As interstitial atoms. In order to preserve charge
neutrality, equal numbers of Ga and As interstitials must
become mobile and diffuse to sinks, nucleate dislocation
loops and grow by the capture of more Ga and As atoms.
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Fig. 4. HAADF STEM image of an interstitial loop on
a {110} plane in neutron irradiated n-type GaAs viewed
edge on with the GaAs dumbbells resolved in the 〈001〉
direction (see inset). A Burgers circuit drawn around
the dislocation loop line indicates that the loop con-
sists of two layers of Ga and As atoms. The number
of planes between the arrows on the left are 23 and
between arrows on the right are 25 (through centre of
loop). The beam direction is 〈110〉.

Fig. 5. (a) HAADF STEM image of a small loop
on a {111} plane in neutron irradiated n-type GaAs.
The plane of the interstitial loop consists of one layer
of Ga and As atoms while the stacking sequence across
the loop is consistent with that of an extrinsic stack-
ing fault. The insertion of a single GaAs rotated layer
results in the creation of two modified (rotated) lay-
ers. (b) Higher magnification view of {111} planes
across loop with (c) showing the projected positions
of the Ga and As atom columns across the extrinsic
stacking fault plane of the {111} loop obtained by using
Ga-L2,3 and As-L2,3 EEL spectrum imaging.

The annealing stage at 500 ◦C, found to be the mini-
mum temperature for small dislocation loop formation
visible in TEM, agrees with the final annealing stage
of 400–600 ◦C for the electrical conductivity of electron
irradiated n-type GaAs [9]. In the case of fast neutron ir-
radiated n-type GaAs, a final annealing stage for electri-
cal conductivity was found in the range 450–700 ◦C [14].
Since the annealing stages of the electrical properties of
irradiated n-type GaAs were found to be dependent on
the radiation induced point defect concentrations [9], an-
nealing stages of electrical properties reported for elec-
tron and neutron irradiated n-type GaAs differed [14, 15].
For electron irradiated n-type GaAs, it was proposed
that the annealing stages of electrical properties com-
prise firstly of point defect annealing and clustering that
takes place at about 200–300 ◦C, and secondly the an-
nealing of clusters which take place in the 400–600 ◦C
temperature range [9]. Although the authors of the cur-
rent paper associate the formation of dislocation loops
observed by TEM at 500 ◦C and above, with the final an-
nealing stage of 400–600 ◦C for the electrical conductivity
of electron irradiated n-type GaAs [9], it should be noted
that the recovery of electrical conductivity would largely
be related to the annealing of point defects (interstitial
vacancy recombination) and dopants while the nucleation
and growth of small interstitial dislocation loops would
mostly involve the diffusion and coalescence of Ga and As
interstitials to sinks acting as nucleation centers for dis-
location loops. The results of this paper indicate that
this latter process (as observed by TEM) is what other
workers [9] referred to as “disordered-region annealing”
(from electrical conductivity measurements).

A HAADF STEM image of a small loop on
a {111} plane in neutron irradiated n-type GaAs is shown
in Fig. 5a. A Burgers circuit drawn around the dislo-
cation loop line reveals that the interstitial loop plane
consists of one layer of Ga and As atoms while the stack-
ing sequence across the loop is consistent with that of
an extrinsic stacking fault [16]. The insertion of a single
GaAs rotated layer results in the creation of two mod-
ified (rotated) layers, as can be seen in Fig. 5a and b
at higher magnification. High resolution STEM-EELS
elemental mapping was used to determine the polarity
continuation across the dislocation loop. Figure 5c shows
the positions of the Ga and As atoms across the extrin-
sic stacking fault plane of the {111} loop obtained by
using EEL spectrum imaging. In this configuration, po-
larity continuation across the loop is observed and charge
neutrality is preserved. Future research will investigate
whether the small {111} loops were present in the n-type
GaAs before irradiation and annealing.

4. Summary and discussion

This paper compares earlier TEM results of disloca-
tion loops generated in n-type GaAs by 1 MeV electron
and fast neutron irradiation with recent Cs-corrected
HAADF STEM imaging of {110} and {111} dislocation
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loops in neutron irradiated and annealed n-type GaAs.
Cs-corrected HAADF STEM imaging is a powerful tech-
nique for determining the structural and chemical in-
formation of an extended defect at atomic resolution.
In this paper Cs-corrected HAADF STEM was used to
image the atomic structure of {110} and {111} disloca-
tion loops in fast neutron irradiated n-type GaAs an-
nealed at 600 ◦C for 20 min. To the best of our knowl-
edge, this is the first TEM and HAADF STEM study
of neutron irradiated GaAs to be published. A Burgers
circuit drawn around the {110} dislocation loop line indi-
cates that the loop consists of two layers of GaAs atoms,
which is consistent with the model for a {110} pure-edge
interstitial dislocation loop in GaAs.

A Burgers circuit drawn around the {111} dislocation
loop line revealed that the plane of the interstitial loop
consists of one layer of Ga and As atoms while the stack-
ing sequence across the loop is consistent with that of
an extrinsic stacking fault. The insertion of a single GaAs
rotated layer results in the creation of two modified (ro-
tated) layers. High resolution STEM-EELS elemental
mapping was used to determine the polarity continuation
across the dislocation loop. The positions of the Ga and
As atom columns across the extrinsic stacking fault plane
of the {111} loop indicate polarity continuation across
the loop and the preservation of charge neutrality.

The annealing stage at 500 ◦C found to be the min-
imum temperature for small dislocation loop forma-
tion visible in TEM, agrees with the final annealing
stage of 400–600 ◦C for the electrical conductivity of
electron irradiated n-type GaAs [9]. In the case of
fast neutron irradiated n-type GaAs, a final annealing
stage for electrical conductivity was found in the range
450–700 ◦C [14].

Although the authors of the current paper associate
the formation of dislocation loops observed by TEM
at 500 ◦C and above, with the final annealing stage
of 400–600 ◦C for the electrical conductivity of electron ir-
radiated n-type GaAs, it should be noted that the recov-
ery of electrical conductivity would largely be related to
the annealing of point defects (interstitial-vacancy recom-
bination) and dopants while the nucleation and growth of
small interstitial dislocation loops would mostly involve
the diffusion and coalescence of Ga and As interstitials
to sinks acting as nucleation centres for dislocation loops.

Finally, with the recent data on dislocation loops
in electron and neutron irradiated n-type GaAs,
it is possible to reinterpret hydrogen platelets and
{110} interstitial loops as found in proton irradiated n-
type GaAs. It is now proposed that {110} loops in proton
bombarded GaAs are the same type of interstitial loops
found in neutron irradiated GaAs in this paper. Hydro-
gen platelets form on {111} planes in GaAs exposed to
a hydrogen plasma at 180 ◦C [17] and in high-dose proton

bombarded GaAs (5 × 1016–1017) annealed in the range
180–230 ◦C [17]. Future research using HAADF STEM
will investigate whether the small {111} loops were
present in the n-type GaAs before irradiation and
annealing.
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