








Chapter 5. Case studies of nano-clustering in semiconductor epilayers

Figure 5.16: Photoluminescence of sample Al/A2 before annealing (black line), after anneal-
ing at 700°C (red line) and at 800°C (sample A2, green line) measured at 20K.

illustrated by the dashed red arrows in Fig. 5.15). Because of the critical phenomenon of
free energy in the first-order phase transformation, x4 must be higher than x3.

Structure property relation

The zb Bi-rich Ga(As, Bi) clusters of can be considered as an ideal ensemble to realize
quantum dot emitters. Preliminary photoluminescence (PL) measured at 20 K shows
two broad peaks at about 1.3 and 1.4 ym for samples annealed at 700°C and 800°C. The
intensity of the peaks increases with increased annealing temperature. Similar results,
i.e.,, a double peak PL emission at about 1.3 and 1.4 ym in annealed of LT-Ga(As, Bi)
samples, have been recently reported by Butkute ef al.[12]. The author speculated about
the existence of several Ga(As, Bi) phases but did not provide any concrete structural
information. From our detailed analysis of the clusters microstructure, we suggest that
the double-peak PL emission could correlate with the existence of two types of zb Bi-rich
Ga(As, Bi) “quantum dots”: one ensemble with a Bi content x4, and another one with a
Bi content xp, as already discussed.

The bi-stable Bi content configuration in the clusters (i.e., at the formation and trans-
formation stages) could therefore result in double peaks in PL, taking into considera-
tion the band gap reduction in Ga(As, Bi) upon Bi incorporation (about 90 meV/% of
Bill3140l) " Additionally, higher temperatures annealing promotes a faster zb Bi-rich
Ga(As, Bi) to rh-Bi transformation, hence with high T, there would be more clusters in the
xp state than in the x4 state. This is consistent with our PL results, at least qualitatively,
since we find that the relative intensity of the PL peaks associated to the Ga(As, Bi) clus-
ters with Bi contents xp and x4 peaks, respectively, increases with increased annealing
temperature.
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5.2. Case study II: phase (trans)formation of Bi-containing clusters

5.2.5. Summary

In summary, systematically investigations have been performed about the microstructure
of annealed GaAs;_,Bi, epilayers using TEM. Bi-containing clusters only appear in low
temperature grown and subsequently annealed samples. Depending on Bi content and
annealing condition, the clusters show various structures with relative homogeneous size
in the range of 5-20 nm. Clusters smaller than about 12 nm are zb Bi-rich and remain
coherent with GaAs matrix, and larger ones begin to transform to rh-Bi clusters. We
found that: (1) the formation of the zb Bi-rich clusters is driven by the intrinsic tendency
of the alloy to phase separate and is mediated by the native point defects present in the
low temperature grown epilayers; (2) the phase transformation from zb Bi-rich to rh-Bi
nucleate in zincblend {111} planes and grow until consumption of Bi. We have proposed
a model for the zb Bi-rich cluster formation and its phase transformation to rh-Bi.
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Chapter 6.
Nano-clustering of GdN in epitaxial GaN:Gd

The results of the goal to clarify the distribution of Gd atoms in GaN and to understand
of the formation mechanism are presented in this chapter. Firstly, we present the proofs
of the occurrence of GAN clusters in the samples. The interpretation of the proofs is only
possible when we put together the combination of (5)TEM imaging, processing (GPA)
and simulation techniques which are discussed previously. Secondly, we extract the
atomistic structure of the clusters by comparing the displacement field between exper-
imental measurements and simulated models. Finally, the formation mechanism of the
clusters is discussed based on DFT calculations in conjunction to the Frenkel-Kontorova
model.

6.1. Practical challenges

Besides the challenges in the study of 3D embedded objects and the chances by using
TEM (Chapter 4), the greatest difficulty come from the conflict between high spatial res-
olution (limited field of view) in the TEM and the extremely low Gd concentration in a
sample. For example, in a GaN:Gd sample with Gd concentration of about 5 x 10'® cm~3,
there are GAN clusters each with about 40 Gd atoms and diameter of 1-2 nm. If we as-
sume all Gd atoms are in such cluster and they are randomly distributed in the sample,
the volume density of the cluster is (5 x 10'¢) /40 = 1.25 x 10'> cm~3. The possibility to
“see” one cluster in a typical 1k x 1k CCD captured HRTEM image (about 20 nm x 20 nm)
of a 2 nm thick specimen is about 1% (one image out of 100 images of consecutive re-
gion). This also means to obtain one image of GAN cluster in thin edge of specimen, it is
necessary to move across an average distance of 100 image, i.e., 2um. This also means a
requirements for high quality sample preparation.

6.2. Experimental methodology

6.2.1. Sample preparation

Gd-doped GaN epilayers were grown by MBE using the approach previously described
by Dhar and others 117163 The epilayers were grown either along the hexagonal [0001]
direction (Ga-polar C-plane GaN) on GaN(0001) or 6H-SiC(0001) substrates, or along the
[1100] direction (M-plane) on LiAlO,(001) substrates. All GaN epilayers were intention-
ally doped by Gd with concentrations ranging from 10'® to 10! cm~3 as determined by
secondary ion mass spectrometry. We confirmed that the samples showed the same mag-
netic properties previously reported by Dhar et al.[16:17,163]

The growth conditions and specifications of the samples studied are detailed in Ap-
pendix C.1 (page 139). All the as-grown samples were examined carefully by (S)TEM.
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Chapter 6. Nano-clustering of GAN in epitaxial GaN:Gd

. GaN:Gd ~500 nm |, GaN:Gd
MBE AIN buffer
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low-doped highly-doped
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Figure 6.1: Schematic diagram of the GaN:Gd samples under investigation.

The results presented in this chapter are mostly based on two typical samples which
have low and high doping concentration levels (referred as low-doped or highly-doped
sample thereafter). The nominal structures of this two sample are depicted schematically
in Fig. 6.1. Results that are different from other samples will be specified correspondingly.

6.2.2. Rapid thermal annealing

Ex-situ annealing of the sample with Gd concentration of 3 x 10 cm~2 were carried out

to target temperature of 760°C, 880°C and 1000°C (typical growth temperature is about
800°C), respectively. The annealing experiments were carried out in a programmable
rapid thermal annealing (RTA) furnace with nitrogen air flow. The sample is sliced to
small pieces and heated to target temperature within 40 s and kept the target temperature
for 20 min. After that the sample is rapidly cooled down to room temperature with liquid
nitrogen flow. The annealed sample slices were then prepared for TEM observations.

The results about ex-situ RTA samples will be denoted as “annealed” or “RTA pro-
cessed” in the context. Otherwise, the results are referring to that of as grown samples.

6.2.3. (S)TEM imaging, analysis and contrast simulation

Cross-sectional TEM samples were prepared in a conventional manner, as is detailed
in Appendix B. Conventional-TEM as well as HRTEM are performed on the JEOL 3010
microscope operating at 300 kV . The STEM observations are carried out on the JEOL
2100F microscope. HAADF-STEM images are acquired with an inner collecting angle of
70 mrads ensuring incoherent imaging.

Routine HRTEM image analysis and GPA displacement and strain extraction are ac-
cording our previous discussions in Chapter 3.4 (page 38). In the case of GaN HRTEM
images taken along [1210] zone axis, the g vectors used to calculate the geometric phases
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6.2. Experimental methodology

(a) (b) (c)
oo

monolayer

(i slice
bilayer — LY

) ==

gi 192

triple layer 540 [1 J ‘- NS
bi-pyramidal

Figure 6.2: Schematic approach to modeling of GdN clusters in GaN host. (a) Various platelet
models, as described in the text, oriented in the basal plane of the host GaN. (b) The super-
cells are defined as slicing one layer thick cell normal to [1210] from the center of cluster.
(c) A cutout from the large supercell of GaN in which the monolayer cluster is embedded.
Red atoms are Gd, green atoms are Ga, blue atoms are N.

are gy, and g,y the displacement field is reduced to scalar quantities

P, r
uoooz(r) = —2720.0;)%)2,

Pyyio(1)
Uyo10(T) BT ;O'lgmio /

where ooz = ¢/2 and g7 = v/3a/2 (a and ¢ are GaN bulk lattice constants). Then the
displacement is expressed as

Poooa(r) ¢ Poooa(r)

uoo2(r) = —m I P — (6.1)
Pygq V3a - Py,
tye1o(r) = —2n_1(0i0[§;)/2) = Y= 47;010(1‘)- (6.2)

Dynamic strain contrast simulation is implemented in home-made Mathematica™

scripts by analytically solving the two-beam Howie-Whelan equations®!l. Details about
the approximations used and the geometry of simulated models will be described in the
corresponding subsection together with the results.

6.2.4. Theoretical approach and structural models

First-principles total-energy calculations were used to determine equilibrium geometries
and relative energies of GAN clusters embedded in the bulk GaN lattice. Total ener-
gies and forces were calculated within the Perdew-Burke-Ernzerhof (PBE) generalized-
gradient approximation to DFT using projector-augmented-wave potentials, as imple-
mented in VASP[14165] The DFT calculations and interpretations were done by Steven
C. Erwin at Naval Research Laboratory in Washington D.C. through collaboration.
Figure 6.2 illustrates our general approach to model GAN clusters in GaN. Our earlier
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real
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Figure 6.3: Scheme of structure model evaluation. Atomic coordinates of energy favored con-
figuration are used to simulation HRTEM contrast and subsequent extraction of displace-
ment field map. The real structure is then determined from the best matched displacement
map.

HRTEM images suggested that Gd clusters have a platelet shape with thickness of 1-
2 monolayers (MLs). Hence we considered cluster models formed by substituting Gd
atoms at adjacent Ga sites within a single atom layer in the hexagonal basal plane. The
example shown in Fig. 6.2(b) and (c) is for a monolayer cluster with five adjacent Gd
atoms. The width of this cluster, about 1.5 nm, is in good agreement with the observed
width in TEM. In a similar way, we can construct platelets with two layers (bilayer model)
and three layers (triple layer model), as well as a bipyramidal shape. For simplicity, the
clusters were assumed to be periodic along the direction of the electron beam, [1210],
with the periodicity of bulk GaN.

Gd has a larger atomic radius than Ga and therefore clusters defined by substitution
on adjacent sites will relax outward to relieve local strain. To study this relaxation ac-
curately we embedded the clusters in large GaN supercells containing up to 640 atoms
[the grey plane in Fig. 6.2(b)]; a small cutout is illustrated in the darker grey plane of
Fig. 6.2(b) and the atomistic model in Fig. 6.2(c). All atomic positions were relaxed until
the largest force component on all atoms was smaller than 0.05 eV/A. In all calculations,
we used supercells sufficiently large that the periodicity had a negligibly small effect on
the local strain.

6.2.5. Experimental evaluation of structural models

Conventional structure determination by quantitative HRTEM contrast analysis is based
on the comparison between an experimental image and a simulated image obtained from
a model of the atomistic structure!!®l. Our earlier simulations revealed that the replace-
ment of few Gd atoms in GaN matrix does not strongly affect the HRTEM phase contrast.
However, even small amounts of Gd create a local lattice distortion large enough to be
detected experimentally. The quantitative characterization of these displacements, using
HRTEM and GPA, has previously been demonstrated.*l. In the present study we will
therefore compare the resulting displacement field map to simulated maps based on our
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6.3. Determination of GdN clusters in Gd-doped GaN

candidate models.

This evaluation procedure is illustrated in Fig. 6.3. Starting from a DFT-relaxed struc-
tural model, we first simulated the HRTEM image with parameters reflecting the ex-
perimental conditions. The key parameters for HRTEM contrast simulation—specimen
thickness and objective lens defocus—were obtained as follows. The specimen foil thick-
ness should be comparable to the diameter of GdN platelet [i.e. (2 to 4) nm] since the
surrounding distorted atom columns is clearly observable in the projection. In the simu-
lation, the slices are simply stacked until the desired thickness, which in turn means the
clusters in simulation are penetrating from the top to bottom surface of the specimen. The
defocus is estimated by fitting the contrast transfer function!1%17] to be Af = —40.5 nm.
From the resulting HRTEM image we then constructed the displacement field map using
the method of GPA, as described in Chapter 3.4 (page 38). It is important to check that
the periodic boundary conditions used in the DFT calculations do not affect this displace-
ment map. We indeed confirmed that our supercells were sufficiently large that the map
is negligibly affected.

6.3. Determination of GdN clusters in Gd-doped GaN

6.3.1. Results I: strain contrast imaging

Figure 6.4 shows typical dark-field TEM images of the low-doped sample, where images
(a)-(d) are taken near the [1210] zone axis and image (e) is taken near the [1010] zone axis,
respectively. Sparsely distributed, faint coffee bean contrast features are observed under
condition g = 0002 in Fig. 6.4(a), while a higher magnified image of the area marked by
the dashed rectangle shown in Fig. 6.4(b) emphasizes the dark /bright character of the cof-
fee bean contrast (indicated by white dashed circles). Similar strain contrast is discussed
previously in our case studies in Chapter 4.2 (page 53). Contrast inversion is achieved
by inverting the diffraction vector g as it is characteristic for strain contrast caused by
local lattice distortions [cf. Fig. 6.4(c)]. In case of using the diffraction vector g = 1010
[Fig. 6.4(d)], the strain contrast is much less pronounced pointing to a strain field that is
predominantly along the [0001] direction. If the dark-field imaging is carried out close to
the [1010] projection, i.e. perpendicular to the [1210] zone axis, the size of the coffee bean
contrast is quite similar [Fig. 6.4(e)]. Additionally, it is evident from the images that the
coffee bean contrast has only been found in the Gd doped epi-layer indicating that the
lattice distortions are attributed to the incorporation of Gd atoms. Based on these results,
we deduce that Gd forms ultra thin platelet-like GAN clusters lying parallel to the GaN
basal plane and being coherently strained.

In Fig. 6.5, typical dark-field images are shown of the highly-doped sample. The
characteristic coffee bean contrast, as it is observed in the low-doped case, is also visible
here with similar size in the two perpendicular projection directions [cf. Fig. 6.5(a) and
(b)]. Likewise, the coffee bean contrast feature is hardly seen when imaged with diffrac-
tion vector g = 1010, [Fig. 6.5(d)]. Additionally, treading dislocation (TD) line bending is
occasionally observed [Fig. 6.5(e)] closely related to small dislocation loops (marked by
dashed circle). This observation will be discussed later. Considering that the two sam-
ples have Gd concentration differences of 3 orders of magnitude, the strain field width
and extension along the [0001] direction are almost in the same range, i.e. (2 to 4) nm and
(10 to 12) nm, respectively. However the density of the clusters is much higher. The term
“strain width" is defined as its lateral size in the platelet plane and “strain extension" is
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(a)-(d)
imaging projected
near [1210]
zone axis

V== - - - -

(e) imaging
projected
near [1010]
zone axis e —

Figure 6.4: Dark-field TEM images showing the coffee bean strain contrast from the low-
doped sample. The micrographs in (a)-(d) are taken near [1210] zone axis and the micro-
graph (e) is taken near [1010] zone axis, as illustrated by the schematic diagram. (b) Mag-
nified view of the squared area in (a); image series in (b) to (d) display the same area, (b)
and (c) are taken under g = 0002 systematic row condition; (d) imaged under weak-beam
condition.

defined in the perpendicular direction. It is a length of the line profile across the inten-
sity maximum and minimum [dashed line in Fig. 6.5(b)] with a cut-off set to 20 % of the
signal [Fig. 6.5(c)].

Normally, the quantitative interpretation of strain contrast relies on the dynamical
contrast simulation which requires a prior knowledge about the displacement field of
the structure. This could be obtained by an appropriate structure modeling based on the
cluster configuration details or directly from HRTEM structure images. In this part the
displacement field is obtained by quantitative measurement from HRTEM images.
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6.3. Determination of GdN clusters in Gd-doped GaN

intensity /a.u.

Figure 6.5: Dark-field TEM images of the highly-doped sample. The imaging g vectors are
indicated in each image, where (a), (d) and (e) are taken near [1210] zone axis and (b) is
taken near [1010] zone axis; graph (c) shows an intensity profile along the direction marked
by the white dashed line in (b) defining the strain extension; the weak-beam dark-field
image of treading dislocations in (e) emphasizes a bending of dislocation line (arrowed)
and a pinned dislocation loop (white dashed circle).

6.3.2. Results ll: HRTEM imaging and quantitative analysis

HRTEM imaging and contrast analysis are carried out to quantify the lattice distortions
and to extract further information about the size and shape of the clusters. Fig. 6.6(a)
is a (1210) cross-section HRTEM image taken in a very thin area from the low-doped
sample that displays lattice distortions along the basal planes. Fig. 6.6(b) is the corre-
sponding fast Fourier transform showing the diffractogram. Applying two sets of filter
masks on the 0002 and 1010 spot, the relative Bragg filtered lattice fringe images are given
in Fig. 6.6(c) and (d). The 0002 lattice fringe image smears out in the center emphasiz-
ing the deviation of the basal planes from the regular periodicity, while a similar feature
is not found in the 1010 Bragg filtered image. This result is consistent with the infor-
mation obtained from strain contrast imaging (that strain is predominately along [0001]
direction). In order to quantify the lattice deviation, GPA displacement field mapping is
performed. Inserting the GaN bulk lattice constants into equations 6.1 and 6.2, the 2D
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Figure 6.6: HRTEM image of low-doped sample (a) with lattice distortions and analysis (b)-
(f). (b) is the fast Fourier transform of image (a), (c) is the 0002 Bragg filtered image, and
(d) is 1010 Bragg filtered image. The GPA displacement field mapping of component along
[0001] (e) and [1010] direction (f) calculated from (a). The red box in the mapping indicate
the zero displacement position that reflects the displacement at center of cluster. The bent
lines illustrate the lattice plane bend direction and the color arrow depict the strength of
distortion.

displacement field u(r) is calculated from the extracted phase images Py(r). Figure 6.6(e)
is the displacement component along the GaN [0001] representing the basal plane dis-
tortions. Strong displacements of the basal planes are indicated. The absolute maximum
value obtained from the mapping is 0.53 A. The displacement field is symmetric, i.e., the
absolute value at equal distance from the center is almost identical. This is attributed to
1 to 2 monolayers of a coherent platelet-like GAN cluster with a lateral width of about
2 nm. It is supposed that part of periphery of the cluster penetrates from the top to the
bottom surface in the cross-sectional specimen, therefore we could observe the projection
of surrounding distorted GaN atom columns. Because of the strong surface relaxation ef-
fects in this case, the extension of lattice plane distortion is smaller, as expected, than that
measured for the buried ones in strain contrast images. In Fig. 6.6(f) the displacement
component along the GaN [1010] direction is stated, representing the prismatic plane
distortions. No detectable displacement is identified, which is consistent with the strain
contrast imaging result.

Figure 6.7(a) displays a HRTEM image of the highly-doped sample and the displace-
ment field mapping of the component in [0001] direction [Fig. 6.7(b)]. The displacement
map reveals a similar result as the low-doped case: (1) the width of the distortion is
slightly larger of about 3 nm, (2) the displacement maps show a symmetric distortion
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Figure 6.7: HRTEM images (a) of the highly-doped sample showing basal plane distortions
and the corresponding calculated displacement field mapping of component in [0001] di-
rection (b).

along the [0001] direction, and (3) the maximum displacement value is in a same range
of 0.7 A.

6.3.3. Results lll: strain contrast simulation

After obtaining the displacement field mapping, the simulation of dark-field strain con-
trast image and quantitative interpretation become possible. By introducing a displace-
ment field u(r) into the two-beam Howie-Whelan equations, one gets (see previous dis-
cussions in Chapter 4.4.3 in page 72):

dpe i 7T . )

= Toct fovepl-2mil g um)) 63)
d j ] .

% = gq;o + g—glqbg exp{+2mi[sz+g-u(r)]}, (6.4)

in which ¢y and ¢, are the amplitude of transmission and diffraction electron wave, z
the depth of specimen, ¢ the extinction coefficient, and s the excitation parameter. The
equations are based on the dynamic electron diffraction theory using the column approx-
imation®%7]. Absorption is neglected since it only reduces the overall intensity.

The geometry and set-up of the simulation are schematically shown in Fig. 6.8(a)
and (b). In real crystals, the distorted lattice is varying continuously over the thickness,
therefore the displacement field is a depth-dependent function u(z), illustrated at the
right side of the blue cluster in Fig. 6.8(b). Miller et al.[1%? have demonstrated that DF
contrast simulation with abrupt displacement approximation (ADA), as illustrated on
the left side of the blue cluster in Fig. 6.8(b), which assumes a constant displacement
tield over the depth, is able to reproduce contrast features of strained objects. Thus, the
specimen can be considered as consisting of three parts along the electron penetrating
trajectory. The middle part, having a constant displacement field (calculated previously
by GPA from HRTEM image in Fig. 6.6), is buried within the perfect crystal. As shown
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Figure 6.8: Schematic diagram of the contrast simulation method (a) and (b), and comparison
of simulated and experimental results (c). Details about abrupt displacement approxima-
tion (ADA) is given in the text.

in Fig. 6.8(b), the total specimen thickness is denoted as t, and the lattice slice with Gd
cluster of width t; is buried in the matrix starting at a depth of t;. Because of the small size
of the cluster, its contribution to electron diffraction is also neglected. Then an analytical
solution of ¢, can be obtained as

/ t t1+t
17T T 5 oo 1t .
§bg </ e 27MisZ ], | ,—2ig u(r) / o 27TisZ g,
gg 0 t t1+t

The final image intensity I, = 4>g4>§ is thereby a function of ¢, t1, t2, 5, {; and u(r). We con-
sider only the relative contrast (normalized intensity) rather than the absolute intensity,
thus the linear factor extinction distance ¢, can be of any positive arbitrary number in the
calculation. The excitation error s is an experimental variable.

e—zm'“dz) (6.5)

In our experimental set up, s = —0.0175nm ™! for tilting GaN out of the [1210] zone
axis around the c axis by 5° Since under diffraction contrast imaging condition, only the
component of u(r) projected on g will contribute to the final intensity of contrast, the term
g - u(r) can be reduced to scalar product, gooo2 - #0002 = Pooo2(r) /27 and g3 - tooo2 =
—Poooz(r)/27t. The parameters t, t1,t; are free variables. Under these conditions, the
strain contrast can be numerically calculated. In Fig. 6.8(c) the simulated intensity is
presented for images with parameters of t = 100 nm, ¢; = 49 nm and t, = 2 nm, which
correspond to a platelet cluster with a 2 nm width buried in the middle of a 100 nm
thick specimen. In terms of the DF contrast character (g/—g contrast inversion), the
simulated contrast is in excellent agreement with the experiment results in both images
with g = 0002 and g = 0002 diffraction vector. Thus we conclude that the observed
lattice distortion in HRTEM is of the same origin as that of the dark-field (strain contrast)
images, i.e. induced by the coherently strained platelet GAN clusters.
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6.3.4. Results IV: correlation of cluster density and size statistics

Based on the result that the coffee bean contrast is related to the embedded GdN clusters,
we can estimate the average cluster distance and cluster diameter under the assumption
that the clusters are randomly distributed within the GaN matrix. In that case, the mean
distance is proportional to the inverse cluster number density (p), which is given by the
number of clusters N per volume V:

(1 = \/g Sy ©6)

where A is the observed specimen area and t the TEM foil thickness. Additionally, if
we take into account the Gd concentration [Gd] that is obtained from SIMS measurement
(Appendix C.1), and assume that all Gd atoms are incorporated in clusters, the average
number of Gd atoms in each cluster is given by

GV [Gd] At

n) = 0 = = (67)

If we further assume that the Gd atoms occupy Ga sites in the cluster forming a rigid two
monolayers GAN hexagonal platelet with wurtzite structure, the average number of Gd
atoms (1) and the average (flat to flat) diameter of that hexagon (D) could be derived
from simple geometry (in wurtzite crystals, the (0001) planes are the close-packed planes
with closest site distance 4, the lattice constant). The total number of Ga site ng, in a
hexagon plane with (flat to flat) diameter of d is equal to the area of the whole hexagon
area divided by the unit area occupied by a single atom hexagon (the Wigner-Seitz cell):
nca = (V/3d*/2)/(+/3a%*/2) = d*/a*. Therefore, two monolayer rigid GAN wurtzite
platelet of (flat to flat) diameter (D) contains (n) = 2 x (D)?/a* Gd atoms.), which is
expressed as

(D) = 5/2(n), (6.8)

where a is the GaN lattice parameter. The quantities for calculation and results are sum-
marized in Table 6.1. The measured lateral cluster width of about 2 nm for low-doped
sample and 3-4 nm for the highly-doped sample are in reasonable agreement with the
estimated platelet diameter.

6.3.5. Results V: Z-contrast imaging

Figure 6.9(a) presents a low magnified off-axis HAADF-STEM image taken from the
highly-doped sample. Some slightly brighter features in an elliptical shape are visible,
as indicated by dashed circles. The HAADF-STEM technique, which collects electrons
scattered to high angles, produces contrast by the difference in the atomic number. The
signal intensity is proportional to the atomic number, Z, it is therefore usually referred as
Z-contrast imaging. The brighter feature must thus be the scattering signal from the Gd
atoms having the higher Z number. It reproduces the projected shape of the clusters. The
wider face of the clusters is parallel to GaN basal planes, and the apparent projected aver-
age distance of these clusters is quite similar to the DF imaging observations (cf. Fig. 6.4
and 6.5).

For crystalline specimens, the channeling effect plays an important role in the fi-
nal collected image intensity!®”11%. As the GAN clusters are coherently embedded in
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Table 6.1: Results of estimated average cluster number per volumn (p), average cluster dis-
tance (I), average number atoms in a cluster (1) and size (diameter) of cluster (D) from
equations 6.6, 6.7 and 6.8. [Gd| is the Gd concentration of samples derived from SIMS mea-
surement; N is number of clusters counted in the dark-field image; A is the imaged area
and t is the estimated sample thickness.

sample low-doped highly-doped
[Gd] (cm ™) 5 x 10 3 x 107
N 9 38
A (nmxnm) 300 %200 100x 100
t (nm) 120 +20 40 +20
{(p) (m™3) | (1.3£0.2) x 10 | (1.27 +0.63) x 107
(I) (nm) 93+6 2244
(n) 40+6 315 + 158
(D) (nm) 1.440.12 39+1.1

the GaN matrix and buried at a certain depth, the channeling effect will thus reduce
the enhanced scattering from heavier Gd atoms when imaging along the projected atom
columns, especially when the specimen is relatively thick. Actually, in on-axis experi-
ments, no detectable signal enhancement were found in our TEM foils. Therefore, it is
necessary to tilt the sample slightly off the zone axis to reduce the channeling effect and
enable contrast from the small GAN clusters. Figure 6.9(b) illustrates schematically the
geometry of the experiment: the specimen is tilted about 3° out of the [1210] zone axis
towards [1010] direction by maintaining the 0002 planes in Bragg condition.

A magnified image of the dashed box in Fig. 6.9(a) is shown in Fig. 6.9(c). The 0002
lattice planes are visible inspite of the relative large sample thickness. The fringes of the
layers in the center are remarkably brighter. The normalized signal line profile along this
fringe and along the adjacent layer, as indicated by the red and blue line in Fig. 6.9(c),
are extracted and presented in Fig. 6.9(d) in red and blue lines, respectively. A signal
enhancement of around 15% well above the noise level [the grey band in Fig. 6.9(d)] is
revealed with a width of about 1.7 nm. All these results are consistent with the previous
analysis. Therefore, our Z-contrast STEM results confirm the occurrence of Gd containing
platelet clusters with a width of about 1.7 nm coherently incorporated along the GaN
basal planes.

6.3.6. Discussion: more on the lattice distortion

The crystal structure of thermodynamically stable GAN is rock-salt (octahedrally bonded,
six nearest neighbours) with lattice parameter a = 4.99 + 0.2 A%l The Gd-N bonding
length in this case is dgs = 2.49 A. In wurtzite GaN, Ga atom is tetrahedrally bonded with
four nearest neighbours, and the bonding length is dr = 1.94 A as depicted in Fig. 6.10.
This means the coherent platelet GAN clusters in wurtzite GaN will be under compres-
sive strain and have the trend to form octahedral bonds to the surrounding N atoms.
As a consequence the incorporated Gd atoms will relax towards the octahedral intersti-
tial position and finally find a balance between octahedral and tetrahedral position [cf.
positions ip and sg, in Fig. 6.10] where the surrounding lattice is distorted. In a rigid
body model, the bonding length of GaN octahedral interstitial position to the nearest N
atom is do = 2.25 A. The difference in bonding lengths for Gd with respect to the two
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(a) growth direction -
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Figure 6.9: (a) Z-contrast STEM image of the highly-doped sample, image contrast enhaced
for better visulization; (b) schematic illustration of HAADF-STEM (Z-contrast) imaging
geometry, the specimen is 3° tilted off the [1210] zone axis; (c) a magnified image of the
platelet feature in (a); (d) line profiles of normalized signals taken from positions indicated
by the color lines in (c).

possible sites is drg — dr = 0.55 Aand dgs —dp = 0.24 A, respectively. Then, two mono-
layers of GAN incorporated in the GaN lattice will introduce a maximum displacement
of 2x(0.24 — 0.55) A, where we define the center of platelet at zero displacement. We
introduce a lattice relaxation factor k < 1 to account for the lattice relaxation that will re-
duce the maximum displacement because of the compressive stress. Then the maximum
displacement should be in the range of k x 2x(0.24 — 0.55) A. Therefore our measured
maximum displacement of basal plane of (0.53 to 0.7) A is in good agreement for such a
two monolayer GdN platelet.

Now we estimate the stress that the distorted GaN matrix enforces on the GAN
platelet. Using the elastic moduli of GaN "], the Young’s modulus of GaN along (0001)
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[0001]

Figure 6.10: Perspective rigid-body model of different lattice sites for Gd atoms and bonding
length in GaN. ig is octahedral interstitial position, sg, is Ga substitutional site, kg, is the
nearest Ga atom to i with distance of 1.94 A that might be kicked if Gd enter i¢ position.
In the rigid body model, the bonding length to the nearest N for different site are dp =
2.25 A and dy = 1.94 A, respectively.

plane normal is E(0001) = 161 GPa, according to the equation of E(hkil) derived in
Ref.[2l, The measured maximum displacement of d. = (0.53 — 0.7) A at the adjacent
GaN layer corresponds to a local strain of ep; = d./(c/2) = (19 = 27) %. Then the
local stress can be estimated to be 0gg; = E(001)ego; = (31 — 43) GPa. The surrounding
distorted GaN lattice enforces a compressive stress on the GdN cluster. Ab initio studies
have predicted a phase transition of rock-salt GAN under hydrostatic pressure of (19 to
68) GPa (depending on the approximations used for calculation) to a metastable wurtzite
structure!'%]. Our findings are in reasonable agreement to this prediction. We will come
back to this point with DFT calculation results in Chapter 6.4.1.

6.3.7. Discussion: interaction of GdN cluster with other defects

The occurrence of GdN clusters is furthermore reflected by the defect structure of the
epitaxial films. As mentioned earlier, the trace of a curved TD found in the highly-doped
sample, marked by the arrow in Fig. 6.5(e) (also here in Fig. 6.11), is attributed to the
result of the interaction of the TD with the GdN cluster, similar to that happened during
strengthening described by Orowan!®l. According to this Orowan mechanism, the glide
of dislocations is blocked by rigid obstacles where the dislocation lines are pinned and
the line segments in between the obstacle bow out toward the direction of motion. When
the glide force is sufficiently high, the dislocation can overcome the obstacle and leaves
behind a dislocation loop around. In Fig. 6.5(e), a small dislocation loop is observed (in-
dicated by the dashed circle) which is located closely to a bent treading dislocation line.
We conclude therefore that this loop is a result of the interaction of TD with the GAN
cluster. The glide of TDs is driven by thermal stress emerging during cooling down the
sample from growth temperature due to the mismatch in the thermal expansion coeffi-
cient between GaN layer and AIN/SiC substrate. This fact indicates that the cluster has
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Figure 6.11: Interaction of the GAN cluster with the motion of dislocations. (a) and (b) are
observed “snapshots” according to the Orowan mechanism.

[0001

2[1210]

Figure 6.12: (1210) HRTEM image showing a stacking fault loop found in the highly-doped
samples; inset: Bragg filtered image demonstrating the “extra” basal plane. (b) Corre-
sponding HAADF-STEM image with such extra plane in the center, but no detectable sig-
nal enhancement.

been formed earlier before cooling down. In this sense, we expect a hardening effect in
samples doped with Gd comparing to pure GaN.

6.3.8. Discussion: stacking fault loops

Additionally, in highly-doped samples (including other highly-doped samples without
in-situ annealing in growth chamber after growth), some small stacking fault (SF) loops
are detected. An example is given in Fig. 6.12(a). The 0002 Bragg filtered lattice fringe
image (see inset) clearly reveals an “extra” basal plane. The width of the extra plane is
typically (2 to 3) nm. With Z-contrast imaging [Fig. 6.12(b)], we could hardly detect any
signal difference. This kind of loop is attributed to an agglomeration of interstitial point
defects potentially generated by the diffusion of Gd atoms in the GaN matrix. Similar SF
loop features are also found in plasma-assisted MBE grown GaN layers1%%17% and rare-
earth implanted GaN layers!!'”!l. Based on the experimental results on Er depth profiles
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in GaN thin layers through thermal diffusion, a activation energy barrier for diffusion has
been deduced to be (1 + 0.4) eV[172173] The authors claim that such low diffusion barrier
is explainable by an interstitial-assisted mechanism. We suppose an analogue scenario
with extrinsic oxygen interstitial-assisted mechanism for Gd diffusion in GaN. On one
hand, oxygen in GaN is unavoidable for our growth condition, and on the other hand,
it can be assumed that Er and Gd behave similarly in GaN because of their comparable
atomic size and electric properties. In highly-doped samples, there is higher probability
for the Gd diffusing atoms being close to each other, where the strain field produced by
Gd atoms will overlap and work as sink to attract the interstitial defects and consequently
form stacking fault loops. In the low-doped sample, the probability for diffusing Gd
atoms being close to each other is much lower, and therefore, the SF loops are formed
hardly.
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6.4. Atomistic structure and energetics of the GdN clusters

6.4.1. Crystal structure of the GdN clusters

We found that the GAN platelet clusters are always oriented with the broader face parallel
to the GaN basal (0001) C-plane, regardless of whether the samples were grown along
C-plane or M-plane orientation. Figure 6.13 shows a typical dark-field strain contrast
micrograph illustrating the cluster orientation for both cases. We previously established
that the bright-dark “coffee bean” contrast indicates that the predominant strain field is
along the [0001] direction. This in turn implies that the broader face of the GAN platelet
cluster is always parallel to GaN basal plane, i.e., perpendicular to the growth direction in
M-plane samples. The basal planes in GaN are elastically softer than the prismatic planes,
and hence this behavior is expected. The same phenomenon governs the formation of so-
called Guinier-Preston (GP) zones in metal alloys, where the precipitates form plate or
needle shapes in the elastically softer direction of the matrix in order to minimize the
elastic strain energy 31611,

N

l")90002 100 nm

Figure 6.13: Dark-field image of an m-plane GaN:Gd sample (left). The white dashed circles
indicate the characteristic dark-bright “coffee bean” strain contrast produced by the GAN
platelet clusters, which is 90° rotated compared to the c-plane sample (right), see insets.
This indicates that GAN clusters habit in the basal plane regardless of the crystal growth
direction.

In general we found that all cluster models, regardless of their shape, relaxed within
DFT to have an internal structure closer to distorted rocksalt GAN (octahedral coordina-
tion) than to wurtzite GAN (tetrahedral coordination). An example of a such a relaxed
bilayer platelet is shown in Fig. 6.14. Comparing the resulting arrangement of Gd and N
atoms [Fig. 6.14(b)] to bulk rocksalt GAN [Fig. 6.14(c)] it is clear that the relaxed structure
is locally close to that of rocksalt. This is physically sensible because rocksalt is the most
favorable crystal structure of GANI1681,

6.4.2. Atomistic structure of the GdN clusters

Now we look into the atomistic crystal structure of GAN clusters embedded in GaN.
Figure 6.15 shows the resulting HRTEM images and displacement field maps from ex-
periment and for four cluster models: monolayer, bilayer, trilayer, and bipyramid (see
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Figure 6.14: (a) Fully relaxed theoretical structure of a 6x2 platelet cluster of GAN embedded
in GaN. (b) Detailed view of the internal structure of a GAN cluster defined within the dot-
ted outline of panel (a). The bond angles and distances are close to those of rocksalt GAN.
(c) and (d) Corresponding cutout from a bulk GdN crystal with ideal rocksalt structure and
from an artificial wutzite GdN, respectively, for comparison to panel (b).

scheme in Fig. 6.2 in page 103). It is immediately clear from the experimental images
that the component of the displacement along [1010] is much weaker than along [0001],
indicating that the largest distortions occur in the hexagonal basal planes. In view of this
we can rule out the bipyramid model, because it shows equally large distortions in both
the horizontal basal planes and vertical prismatic planes. For the other cluster models the
displacement maps are qualitatively consistent with experiment, with ugpg1 > 11979. In all
cases the displacement along [0001] is approximately equal above and below the central
basal plane (center of GAN cluster). With increasing platelet thickness the displacements
in the [1010] direction become correspondingly larger.

In order to quantitatively differentiate among the three models, we show in Fig. 6.16
line profiles of the experimental and simulated displacement field maps along the [0001]
direction. The maximum displacement of 1o (red crosses in Fig. 6.16) occurs at nearly
identical distances for the monolayer and bilayer model, and match very closely the lo-
cation of the experimental maximum; on the other hand, for the trilayer model this max-
imum is shifted outward. The magnitude of the maximum displacement varies from
model to model; the best match to experiment occurs for the bilayer model (0.40 A com-
pared to 0.53 + 0.15 A). Hence we judge that the bilayer model offers the closest match to
the experimental displacement maps. The discrepancy in the magnitude of the displace-
ment cannot be simply attributed to the assumed unit periodicity along the TEM beam
direction, because a more realistic model would likely lead to smaller displacements, not
larger. We found this discrepancy in the analysis of all observed GdN clusters. Nev-
ertheless we tentatively conclude that the experimental results are best explained by a
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Figure 6.16: Line profile of displacement value of #(gp; component from experiment and four
cluster models: monolayer, bilayer, and trilayer, as indicated in upper inset.

coherently strained GdN bilayer platelet cluster with a distorted rocksalt crystal struc-
ture.

6.4.3. Energetics of GdN platelet clusters

We turn now to the question of why these clusters have a particular, well-defined size.
Our previous experimental results established that the distribution of GAN cluster sizes
is quite homogeneous!"74. To gain further experimental insight, we carried out ex-situ
annealing experiments up to 1000°C for 20 min on a sample with Gd concentration of
3 x 10Y em ™3 (the typical growth temperature is about 800°C). Subsequent TEM imag-
ing revealed no significant change in the lattice distortions or cluster size; that is, coars-
ening of the clusters did not occur. This means that the observed cluster configuration is
stable once formed and that coarsening is negligible at least up to our annealing temper-
ature and time—already much higher and longer than used for the growth itself. This
suggests that the observed cluster size represents a minimum-energy configuration. Our
theoretical modeling, to which we now turn, confirms this.

We used DFT to determine the optimal size of GAN platelet clusters embedded in
GaN. To make the calculations feasible we restricted our attention to N x2 clusters and
considered the range N = 2 to 9. The clusters were embedded in GaN supercells contain-
ing 384 atoms, with approximate dimensions 67 A x 214, sufficiently large to make the
interaction across supercells negligible. The clusters were fully relaxed and the formation
energy was defined in the usual way,

Ef = Et — 1G4 1Gd — "Ga HGa — 1IN }IN, (6.9)

where E; is the total energy of the supercell containing ngq atoms of Gd, ng, atoms of
Ga, and ny atoms of N. Assuming thermodynamic equilibrium with bulk GAN and bulk
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Figure 6.17: Theoretical formation energies per Gd for relaxed N x2 platelet clusters of GAN
in GaN. Formation energies from density-functional theory (circles) are given by Eq. 6.13.
Energies for the Frenkel-Kontorova model are given either by Eq. 6.14 evaluated with the
exact strain field of Eq. 6.19 (crosses) or by the approximate continuum solution of Eq. 6.16
(curve). [Courtesy DFT calculations by Steven C. Erwin @ Naval Research Laboratory in
Washington D.C.]

GaN, the chemical potentials must satisfy the constraints

pea+un = AHFN (6.10)
Hea+HN = AHFW, (6.11)

where AHdeN and AH};“‘N are the heats of formation of GAN and GaN. An additional
constraint,

nGd + NGa = NN, (6.12)

arises because each Gd atom takes the place of exactly one Ga atom. These constraints
imply that the formation energy is independent of the chemical potentials and can be
written simply as

Ef = E; — ngg AHF™ — nga AHF™N. (6.13)

To determine the optimal value of N we reason as follows. Consider a system con-
sisting of a fixed number 2M of Gd atoms in a fixed volume of GaN. The Gd atoms are
arranged into clusters of size N x2. The total number of such clusters is therefore M/N.
The formation energy of each individual cluster is E¢(N) and hence the formation energy
of the system is (M/N)E;(N). Thus, minimizing the formation energy of the system with
fixed M is equivalent to minimizing the formation energy per Gd atom, E¢(N)/N.

Figure 6.17 shows the fully relaxed DFT formation energies per Gd for values of N
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Figure 6.18: One-dimensional Frenkel-Kontorova model representing the most important
contributions to the formation energies of GAN bilayer platelet clusters in GaN. See text for
definitions. [Courtesy Frenkel-Kontorova modeling by Steven C. Erwin @ Naval Research
Laboratory in Washington D.C.]

in the range 2 to 9. The energies decrease with increasing N and then flatten out at the
upper end of the range. Hence from these results alone it is unclear where exactly the
minimum is located.

To help determining the minimum, and to better understand more generally the
origin of these results, we turn to a simple one-dimensional Frenkel-Kontorova (FK)
model 75, The FK model captures the competition between the energy gain from form-
ing larger GdN clusters (which arises because GAN has a larger cohesive energy 1761771
than GaN) and the energy penalty due to the lattice mismatch between GdN and GaN.

The model is illustrated schematically in Fig. 6.18 for the example of a 5x2 platelet.
The model only treats one dimension, the width N of the cluster. The Gd atoms are rep-
resented by five points (red circles). Their positions deviate from the ideal GaN lattice
sites (thin black lines) because of the lattice mismatch between GAN and GaN. The en-
ergy penalty arises from two sources: the deviations u; of the Gd positions from ideal
GaN lattice sites, and the deviations of the GAN bond lengths b]' from their ideal equi-
librium value beq. Two spring constants, k and K, give the energy associated with these
strains. The energy gain arises because N — 1 new bonds are formed (E;) when a cluster
is created. Thus the FK total energy is

Uy = |3 Lk + Y 2K — beg)?| — (N = 1)E (6.14)
N 721 H2 e b '
i= j=

One possible way to use the FK model is to first determine the model parameters
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individually from experiment, DFT calculations, or a combination of both. Instead, we
choose to treat the five FK parameters (4, beg, k, K, Ep) as fitting parameters to be deter-
mined by a least-squares fit to the DFT formation energies. Prior to performing this fit
we must first solve Eq. 6.14 for the displacement field u; that minimizes Uy.

We begin by considering a very simple limit, k < K, which not only gives insight
into the exact solution but also turns out to be an extremely good approximation for the
GaN:GdN system. In this limit the bond lengths all assume their equilibrium value: b; =
beq- This immediately gives the result that the displacements are linear in the distance
from the center of the cluster:

u; = [i — N;—l] fa, (6.15)

where f = (beq — a)/a is the lattice mismatch. Using this solution we can perform the
summation in Eq. 6.14 analytically to obtain

2 2,2
yereex — NN ;41)” & (N—1)E, (6.16)
This approximate expression correctly exhibits the competition mentioned earlier: as N
increases, the internal bond-energy gain (the second term) is eventually overwhelmed by
the strain-energy penalty (the first term).
The exact solution for the displacement field can be obtained most easily from the
condition that in equilibrium the force F; on every atom is zero. For the interior atoms,

Fi=0=K[~(2+x)u; + uit1 + ;1] (6.17)

where the ratio of spring constants is denoted as ¥ = k/K. The force on the two end atoms
has a similar form but with an extra term fa. In the limit of large N these finite-difference
equations correspond to a differential equation whose solution is

u(x) = Asinh( ) (6.18)

a/ \f
For arbitrary N we solve the system of linear force equations to obtain an exact expression
for u;. Because the equations are linear the displacements are rational functions,

ui = (P;/Qn)fa, (6.19)

where P; and Qy are polynomials in x with integer coefficients. They are most naturally
expressed as recurrence relations. The denominator has the form

On=(2+%)On-2— On-—4 (6.20)

where the first four values are Qy = 2, Q1 = 1, Q2 = 24k, Q3 = 1 + k. The form of
the numerator depends on the atom index i. For the atom adjacent to the central atom,
P; = 1. For the atom at the right end of the cluster, P; has the same recurrence relation
as Qn but with different initial values: Py = —1, P, = 0, P, = 1, P3 = 1. Taking
as an example the N = 5 cluster shown in Fig. 6.18, the atom at the right end has the
equilibrium displacement

2+x

s = 1+3x+

Tl (6.21)
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which indeed reduces to us = 2fa when x — 0, as stated above.

We now use the exact displacement field to evaluate the exact FK total energy Uy
and, by fitting to the DFT formation energies, to determine the FK parameters. Two fits
are shown in Fig. 6.17, one using the exact Uy and one using the approximate continuum
result Uy " . Both reproduce the DFT energies extremely accurately throughout the en-
tire range. Moreover, the FK results now make clear that the optimal bilayer platelet size
is N = 8, which is in reasonable accord with our conclusions from the TEM displacement
tield maps.

The parameters obtained for the FK model also provide insight into the relative mag-
nitudes of the different energy terms, and hence to the physical origin of the optimal GAN
cluster size. In particular, the fit to DFT energies gives the ratio of spring constants as
k/K = 0.0004. This very small value explains why the continuum approximation Ux'"
is nearly as accurate as the exact energies. More importantly, it reveals that the GAN
largely maintains its own lattice constant and, as a consequence, that only the first term
and last terms in Eq. 6.14 are significant. The first term can be regarded as represent-
ing the interfacial strain between the GAN and GaN. The energy penalty from this strain
eventually overwhelms the energy gained by forming new internal GAN bonds. The
crossover between these competing contributions ultimately determines the equilibrium
size of GAN bilayer platelet clusters in GaN.

6.5. Summary

The occurrence of small platelet-like GAN clusters in GaN:Gd samples with Gd concen-
tration in the range of 10'® cm~3 to 10" cm~3 have been identified by a combination of
several (S)TEM techniques and simulations. With growing Gd content by three orders of
magnitude, the number density of clusters is increased and the average cluster distance is
reduced concomitantly. Astonishingly, the mean cluster diameter grows only from about
2 nm to 4 nm, although the formation process does not seem to be kinetically restricted.
Our results pointed to the critical role of the generally existing phase separation trend
in real dilute magnetic semiconductor systems, and the formation of three dimensional
clusters as a result of nano-decomposition, even in the case of very low concentrations
of the dilute element and/or growth conditions which can be far from thermodynamic
equilibrium.

We used TEM and DFT to determine the typical size, atomistic structure, formation
mechanism and energetics of GAN clusters in Gd-doped GaN, a magnetic semiconductor
grown by MBE. We find that the GAN clusters have a slightly distorted rocksalt structure,
and are oriented as bilayer platelets with respect to the GaN basal planes. The results
of DFT total-energy calculations, in conjunction with a Frenkel-Kontorova model of the
platelet energetics, predict a platelet width of approximately eight atoms—quite close
to the size obtained by comparing displacement maps from HRTEM images to those
from atomistic models. The consistency between the total-energy predictions and the
displacement-map predictions leads to the conclusion that the GAN clusters form as a
compromise between a gain in internal cohesive energy and a penalty from interfacial
strain energy due to lattice mismatch between the GdN cluster and GaN host. We recom-
mend that future theoretical investigations into the magnetic semiconductor properties
of Gd-doped GaN take these findings into account.
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Chapter 7.
Conclusion and outlook

The central theme of the work described in the thesis is to clarify the distribution and
understand the mechanism controlling the distribution of Gd atoms in Gd-doped GaN
with Gd concentration in the range of 101°~10'” cm 3. The objective is threefold: (1) to
identify whether Gd-related clusters exist or not in GaN:Gd samples using transmission
electron microscopy (TEM); (2) to determine the local cluster structure on the atomic
level; (3) to understand the formation mechanism of such clusters based on the structure
information.

Unlike other material systems with miscibility gap that show clustering or phase
separation in a concentration range of few percent, the current topic has its characteris-
tics: (1) an extremely huge miscibility gap[?®! and (2) the extremely low Gd concentration
range1%17]. The identification and determination of the clusters is highly challenging. It
requires on the experimental side a solid knowledge about the contrast formation mech-
anism in TEM to correctly interpret the results, as presented in Chapter 3—-4. And it re-
quires on the material side a deep understanding in the microstructure and its evolution,
interaction during the dynamic process of epitaxial growth and/or post growth treat-
ment. This is discussed in Chapter 2. In conjunction with these fundamental knowledge
and practical discussions, cases studies of clusters in other group III-V semiconductor
materials, of which the size and density are apparently detectable, are investigated in
Chapter 5 in order to help better understanding of the materials and techniques.

In spite of the difficulties, the occurrence of GAN clusters is finally identified with fi-
delity and their detailed structure is determined. The insight has been obtained in Chap-
ter 6 that the formation of the clusters is a compromise between the gain in cohesive
energy from forming large GAN clusters and the penalty from interfacial strain energy
due to lattice mismatch between the GdN cluster and GaN host. Therefore, in general,
we evaluate that the objectives have been achieved, as concluded in the following:

¢ We have discussed in detail the limitations and application of GPA method to the
study of embedded nano-clusters. The accuracy of displacement measurement is of
an order of magnitude higher than the measurement of strain. The discussions of
artifacts of GPA have lead to a practical guide line of the experimental procedures
and analysis.

¢ We have studied in detail the observation and analysis of nano-clusters embedded
in semiconductor epilayers with TEM techniques. The results serve as a guide line
to study embedded nano-clusters in general.

— We have presented and discussed results from examples of various imaging
modes and suggested the appropriate way to interpret the contrast from co-
herent, semi-coherent and incoherent embedded nano-clusters.
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— We compared the results of specific Gd-doped GaN models via structure mod-
eling methods which are based on VFF and on DFT. In general, if we assume
DFT methods provide the most accurate local structure, the VFF methods can
provide very close results.

— We have discussed the detectability of Gd atoms in Gd-doped GaN models.
We have shown that indeed the detection of single Gd atom in GaN is almost
impossible while there is still chance to detect them by the local strain field if
they were clustered.

¢ In the case study of InAs nano-clusters embedded in Si, we have shown a static

view illustrating the analysis of interface character by HRTEM imaging and analy-
sis techniques and the local strain by GPA and. These results reveal the interplay
between strain energy and interface energy in the determination of the shape of
clusters.

In the other case study, we have performed a systematic TEM study about forma-
tion and phase transformation of Bi-containing clusters in annealed GaAsBi epi-
layers. The results showed “snapshots” of different stages of cluster development
and provide valuable information to understand the formation of Bi-rich Ga(As, Bi)
clusters and their phase transformation to rh-Bi clusters.

Finally, the occurrence of small GAN clusters have been identified in GaN:Gd thin
film samples with Gd concentration in the range of 10'® cm~3 to 10! cm 3 by com-
bination of complementary TEM imaging techniques, simulations and modeling.
The formation and the corresponding energetics of the homogeneous GdN clusters
in GaN:Gd samples is studied.

- Dark-field strain contrast imaging identified coffee bean contrast feature in
the Gd contained layer, suggesting platelet object that produces strong lattice
distortion along GaN [0001] direction.

- With HRTEM imaging and quantitative analysis by GPA, the displacement of
the distorted lattice have quantitatively determined.

— Dynamic strain contrast calculations taking the measured displacement field
as an input parameter attained an excellent agreement with the experimental
diffraction contrast results.

— The appearance of platelet-shaped GdN clusters is also verified by chemically
sensitive Z-contrast scanning TEM imaging with off zone-axis geometry.

- The statistical analysis of cluster number density indicates that most of the
Gd atoms are incorporated in the GAN clusters. With growing Gd content by
three orders of magnitude, the number density of clusters is increased and the
average cluster distance is reduced concomitantly. The mean cluster diameter
grows only slightly.

— Comparing the maps of displacement field between experiments and mod-
eled structures, the local atomic configuration is achieved: the clusters are of
platelet distorted rocksalt structure with the broader face parallel to the (0001)
basal planes of the wurtzite GaN matrix.
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Figure 7.1: Possibility of combining higher order Bragg reflections to measure strain to higher
accuracy. The Fourier transform of a cross-section HRTEM image of a strained epilayer
which contain an average of 0.5% psudomorphic elastic strain (measured by X-ray diffrac-
tion) compared to the substrate. The split of the Bragg spots between substrate and epilayer
(pointed by the red and blue arrows) become more and more obvious. This information
can in principle be used to refine the geometric phase retrial and therefore provide higher
accuracy of displacement and strain measurement.

— We used DFT in conjunction with Frenkel-Kontorova model to explore the
minimum energy configuration of GAN cluster configuration. The results pre-
dicted that the bilayer platelet with lateral size is in reasonable agreement with
our conclusions from the analysis of TEM results.

- The good agreement among the DFT results, the approximate and the exact
Frenkel-Kontorova model revealed that the formation of homogeneous GAN
clusters is a compromise between the gain in cohesive energy from forming
large GAN clusters and the penalty from interfacial strain energy due to lattice
mismatch between the GAN cluster and GaN host.

Outlook

At this point, it is appropriate to point out some questions that could become the focus
for further studies, or guidelines for similar studies.

The investigation of nano-objects embedded in a matrix relies on certain techniques.
The development of techniques is always important for further practical studies. In terms
of the GPA method, the strain measurement results are still quite noisy. The accuracy of
strain measurement by normal GPA algorithm, which uses only the low order Bragg re-
flections, can be about 0.5% (absolute scale), which is below the requirements in material
science. We noticed in lots of our studied images, the reflections of the higher order con-
tain more delicate variations of phase, as is illustrated in Fig. 7.1. This is very similar to
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the the so-called phase multiplication phenomenon, well known in optical interferom-
etry[178 Furthermore, it has been demonstrated recently the enhancement of strain and
displacement measurement by “multiple phase Frouier” approach on psudoperiodic lat-
tice image acquired by atomic force microscopy!'”?l. Similarly, the use of multiple Bragg
reflections integrating to the GPA algorithm may allowing for more sensitive measure-
ments of displacements and strains.

Although (S)TEM could provide multiple information of specimen at multiple spa-
tial scale and phase space, the studies of nano-clustering using TEM currently are still
limited to the snapshots of the final product of nano-clusters. One of the most important
fundamental process of cluster formation, namely, the diffusion process is still missing.
Therefore, it would be very interesting to investigate such process either theoretically or
experimentally. One approachable way so far of studying the dynamics of cluster for-
mation would be to design temperature and time series of annealing samples and collect
more data on the composition and size information of clusters of each snapshot using
TEM. Based on the data, we can then modeling the possible basic diffusion process with
established equations and then extract the fundamental physical information in terms of
titting parameters. For such kind of study, a model system is preferred with considerable
cluster density and detectable size that can form within reasonable processing tempera-
ture and time. In this sense, the case study of Bi-containing clusters in GaAs would be
ideal choice to carry out such studies. The Z-number ratio, atomic size difference are very
high which make the observation more straight forward. It would be even more fantastic
to be able to observe the cluster formation dynamics in-situ in a microscope.

Concerning our findings of GAN platelet clusters in Gd-doped GaN, we recommend
that future theoretical investigations into the magnetic semiconductor properties of the
material take these findings into account.
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Appendix A.

Miscellanenous

A.1. Molecular beam epitaxy

Molecular beam epitaxy (MBE) is one of several methods of depositing crystal materials.
It was invented in the late 1960s at Bell Telephone Laboratories by J. R. Arthur and Al-
fred Y. Chol18l. After the development over the past half century, MBE is now widely
used especially in laboratories in the manufacture of semiconductor devices. Compar-
ing with other epitaxial growth techniques, e.g. liquid phase epitaxy and vapor phase
epitaxy, MBE shows unique advantages, most importantly the precise control of thick-
ness (accuracy down to monolayer), ability to produce extremely abrupt interface and
the progressive smoothing of the growing surface for most substrate orientations.

Cryo pannel Mechanical feedthrough for

/CAR assembly

ionization
— gauge

=
\____

To buffer
chamber

\

\ \
substrate (green) beam flux
heating element (red) monitor

Figure A.1: Schematic illustration of the molecular beam epitaxy chamber.

Figure A.1 schematically illustrates a typical MBE growth chamber. The main feature
of the MBE growth chamber is it operates under an ultra high vacuum (UHV) at about
10~1°-10~8 Pa with the help of both an ion pump and a turbo-molecular pump. It is nor-
mally equipped with a certain number of effusion cells that contain a heater to evaporate
source material, allowing the growth of a variety of materials. Because of UHYV, the pres-
sure is low enough so that the atoms or molecules go from their source to the substrate
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Miller index Miller-Bravais index

cubic (111) plane hexagonal (001) / (0001) plane

Figure A.2: Miller index and Miller-Bravais index

without collision (i.e. high value of mean free path): they form molecular beam. The
growth in MBE is generally conducted far from the thermodynamic equilibrium state
and governed mainly by the kinetics of surface process[!8!l. Reflective high energy elec-
tron diffraction (RHEED) can be utilized ['82] to monitor the in-situ evolution during the
growth process.

The basic principle of epitaxial growth is that atoms on a clean surface are free to
move around until they find a correct position on the crystal lattice surface to bond. The
most important kinetic process is the adsorption and desorption of ad-atoms on the sur-
face, and the surface diffusion of ad-atoms. For the production of one atomic layer, ultra-
pure elements are delivered to the substrate as a molecular beam made by the effusion
cell. The atoms or molecules then deposit on the surface bonding with ad-atoms. Beam
fluxes of each effusion cell may be turned on and off rapidly with a shutter, which enables
to precisely control the layer compositions.

A.2. Miller and Miller-Bravais indices conversion

The Miller index for indexing the lattice planes is defined via a point in the reciprocal lat-
tice, or as the inverse intercepts along the lattice vectors, denoted as (hkl). The direction,
denoted as [uvw] is defined as a vector starts at origin and ends at ua; + vay + was, where
aj, a; and a3 are the basis vectors. In cubic system, it is very convenient because the plane
normal is with the same direction index, for example, (110) plane normal is [110].

However, in hexagonal crystal system along the [001] direction (or, c-axis) or thom-
bohedral crystal system along the [111] direction, the six-fold symmetry for the stacking
layer is invisible in the Miller index. By introducing a redundant index i = —h — k, the
Miller-Bravais index (hkil) inherited the nature of orthogonal to the last dimension while
emphasized the in-plane six-fold symmetry. For example, (100) and (110) are the sym-
metric planes but not able to see in the index, whereas the Miller-Bravais index (1010)
and (1100) the nature of the six-fold symmetry is visible. The two indexing system is
schematically depicted in Fig. A.2.

For hexagonal unit cell, the Miller index and Miller-Bravais index can be inter con-
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A.3. Crystal structure of rhombohedral As and Bi

Table A.1: Equivalent Miller index and Miller-Bravais index for typical directions and planes

Miller index Miller-Bravais index Mineralogy term
[100], [110] and [010] [2110], [1120] and [1210]
[210], [120] and [110]  [1010], [0110] and [1100]
[101], [111] and [011]  [2113], [1123] and [1213]
[211], [121] and [111] [1011], [0111] and [1101]

directions

[001] and [001

(210), (110) and (12

(100), (010) and (11
(001) and (001

] [0001] and [0001]

120) (2110), (1120) and (1210)  a-plane / 1st-order prism
110) (1010), (0110) and (1100) m-plane / 2nd-order prism
) (0001) and (0001) c-plane / basal

verted by the following relations, for directions:

[uvw] — [(2u —v), (—u +2v), (—u — v), 3w, (A1)
[uvtw] — [(u —1t), (v —1t),w], (A2)
and for planes:
(hkl) — plane normal:[hk(—h — k)I], (A3)
(hkil) — (hkl). (A.4)

The most frequently referred directions and planes are summarized in Table A.1 for
both Miller index and Miller-Bravais index; their special names usually appear in miner-
alogy is also included.

In a more general case, the Miller-Bravais index can also be applied to rhombohe-
dral crystal system when it is referenced in hexagonal coordinate system, the details are
outlined by Frank['>3.

A.3. Crystal structure of rhombohedral As and Bi

The ground state single crystal arsenic and bismuth is rhombohedral (rh) structure with
space group R3m(160). The crystal structure in both hexagonal and rhobohedral repre-
sentation is schematically show in Fig. A.3. In addition, the crystal structure, lattice pa-
rameters and the distances of major low index planes (in hexagonal representation) are
summarized in Tab. A.2. For convenience, the corresponding parameters of zinc-blend
GaAs is also included in the table.
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a

Figure A.3: Crystal structure of rhombohedral arsenic and bismuth, in hexagonal (lattice
parameters a = b # ¢, a = 90°, § = ¢ = 120°) and rhombohedral (# = b = ¢ = a*,
a =B =7 =a" # 90°) representation.

Table A.2: Crystal structure, lattice parameters (room temperature) and major low index
plane distances (in real space and reciprocal space) of rhombohedral As, Bi (in hexagonal
representation), and zinc-blend GaAs

As [152] Bi[152] GaAs [183]
space group R3m(160) R3m(160) F-43m(216)
lattice parameter (cub.) a(A) 5.654
lattice parameters (hex.) a(A) 3.762 4.546
a =120°, B = v = 90° c(A) 10.547 11.862
lattice parameters a(A) 4132 4.745
rhombohedral a (°) 54.13 57.23
{003}/{0003} | 3.52/0.284 3.95/0.253
lattice plane {101}/{1011} | 3.11/0.321 3.95/0.253
distances {012}/{0112} | 2.77/0.360 3.28/0.305
in hexagonal {104}/{1014} | 2.05/0.488 2.37/0.422
representation (A/A~1) | {110}/{1120} | 1.88/0.532 2.27/0.440
{015}/{0115} | 1.77/0.565 2.03/0.492
lattice plane {111} 3.26/0.306
distances {002} 2.83/0.354
(A/AY {220} 2.00/0.500
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TEM specimen preparation

TEM specimen preparation is of essential importance to the TEM investigation. The
availability and quality of TEM images strongly rely on a good specimen preparation.
The major challenge in specimen preparation is to obtain electron transparent thin foil of
specimen while minimizing damage and artifacts. For the studies of nano-scaled clus-
ters buried in semiconductor thin films carried out in this thesis, a broad homogeneous
region with thickness comparable to the radius of clusters is highly expected.

Two types of TEM specimen, plan view and cross-section are prepared. Illustrated in
Fig B.2 is the geometry of these two types of specimen.

plane view

cross section

Figure B.1: Scheme of geometry of plane view and cross section specimen out of a as-grown
thin film wafer.

B.1. Cross-section specimen preparation

In this thesis, the cross section epilayer specimens are prepared in the following proce-
dure, as schematically depicted in Fig. B.1, and illustrated with photographs in Fig. B.3.

In a first step, the wafer is fixed by low melt point wax on glass table and then cut into
slice of about 2 mm width with the precision diamond saw [Fig. B.1(a) and Fig. B.3(a)].
Two pieces of cut slice is glued together face to face with G1 epoxy and together with
appropriate sized dummy slice glued on the back sides [Fig. B.1(b) and Fig. B.3(b)]. Ap-
propriate amount of epoxy and careful operation is crucial to ensure a very thin and
homogeneous slit between two pieces without bubble. The slices sandwich is pressed by
a clip stage which is then placed on hot plate at about 120-140) °C for 35-45 min until the
epoxy is completely solidified (the color turn to dark brown)[Fig. B.3(c)]. Afterwards, the
glued sandwich is inserted in a copper tube (inner diameter d = 2.2 mm, outer diameter
d = 3 mm) of similar length filled with G1 epoxy, which is then baked on the hot plate
until totally harden of epoxy [Fig. B.1(c)]. The cylinder is fixed on glass table and cut into
slices of thickness about 500 ym [Fig. B.1(d) and Fig. B.3(d)—(e)].
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Figure B.2: Scheme of cross-section sample preparation.

The next step is the slice thinning by mechanical grinding against grind paper (SiC
grind paper is efficiency enough for soft substrates like Si or GaAs, diamond grind paper
is needed for hard materials like sapphire or SiC) down to a thickness of about 90 ym
[Fig. B.1(e)]. The Gatan™™ 794 grinding set is used. The slice is fixed on either metal or
glass cylinder which is then embedded in the grinder [Fig. B.3(f)~(g)]. Grind the surface
by progressive finner paper from 15 ym to 3 ym until the surface is flat. Then polish
the surface using fine diamond past of 1 ym or } ym until no scratch line can be ob-
served under optical microscope (magnification x50) [Fig. B.3(h)—(i)]. Then flip the slice
on the cylinder and grind the other side until a thickness of about 90 ym [Fig. B.3(j)]. A
commercial Gatan”™ dimple machine is used to further thin the center of slice into a con-
cave [Fig. B.3(k)]. The principal is illustrated in Fig. B.1(f): a polishing wheel is spinning
while the slice rotate at a constant velocity. Initially, coarser dimpling slurry (6 ym) and
relative slow spin velocity is applied until the center reaches about 30 ym thick. Subse-
quently fine slurry (1 ym) and high spin velocity is required to ensure a smooth surface
and the center of specimen reaches a thickness of about 20 ym. For transparent substrate,
the thickness is measured using optical microscope by shift the focus plane. It’s impor-
tant to take into account the refractory index of materials to deduce the real thickness.
For opaque substrate, especially for silicon, the dimpling is operated until it become faint
transparent with orange color.

The final step is perforation of the dimpled sample by means of ion milling. The
specimen after dimpling is transferred with holder [Fig. B.3(I)] to a Gatan precision ion
polishing system (PIPS) equipped with two ion guns generating inert (Ar") gas beams.
The two guns are set to shot the specimen from both sides with a incident angle of 3° to 4°
[Fig. B.1(g) and Fig. B.3(m)]. Before start, it is always better to check if the ion beam is cen-
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B.1. Cross-section specimen preparation

Figure B.3: Photographs show the detailed steps of cross-section TEM sample preparation.
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tered and the beam energy is optimized, according to the instruction of the machine. The
beam accelerate energy is set to 3—4 KeV and current 15-35 yA dependent on the materi-
als. The ion milling process is monitored lively with TV rate camera. When transparent
specimen (e.g. sapphire) is thin enough, there will be color rings (so called Newton rings)
that formed by the interference of light reflected from specimen top and bottom surface.
When rings appear, the thickness is then in the range of light wave length. The accelerate
energy is then reduced to about 1.5-2.5 KeV and current 1-8 A to minimize sputtering
damage and at the same time ensure relative broad areas of homogeneous thickness for
study. For materials sensitive to bombardment, like LiAlO,, a larger incident beam angle
and higher energy is applied first to perforate the specimen fast as possible, then a low
energy and small incident angle is applied to remove the amorphous layers at the sur-
face. Typically, the ion milling takes 2 to 3 hours for soft substrates and may last over 5
hours for hard materials.

B.2. Plan view sample preparation

Plan view epilayer specimens are prepared in the following procedure, as schematically
depicted in Fig. B.4.

(a) : (b)

-— — —
3mm 9lue

(c)  mechanica (d) dimpiing (@)
A
- beam

Figure B.4: Scheme of cross-section sample preparation.

Most of the cautious operation are the same with cross-section sample preparation.
Firstly, epilayer is cut to 3 x 3 mm square. Then, glue it onto copper ring. Note the top
surface of epilayer is glued onto the ring. Next, mechanic polish the (back side) of the
epilayer until about 100 ym. Afterwards, dimple the sample with rolling copper wheel
using diamond slurry. Finally, perforate the specimen using ion milling.
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Specifications of the studied samples

C.1. Gd-doped GaN samples

The samples were grown by reactive molecular beam epitaxy (MBE) along the GaN [0001]
direction (c-plane samples) or GaN [1010] direction (m-plane samples). C-plane samples
were realized either on SiC(0001) substrates or on GaN(0001) / Al,O3 templates, whereas
m-plane layers were deposited on LiAlO,(001) substrates. GaN:Gd films were deposited
under similar growth conditions as used for high quality pure GaN layers with this orien-
tation 1841851 The substrate temperatures were near the Ga-desorption temperature de-
termined during the Ga flash-off procedure, as summarized in Tab. C.1. The Ga and Gd
cell temperatures were 1005°C and 900°C, respectively. The chamber pressure was kept
at 1.2 x 107° Torr during growth. Structural properties before TEM studies were char-
acterized by x-ray diffractometry (XRD). Rutherford backscattering spectroscopy (RBS)
and particle-induced x-ray emission (PIXE) using a 2MeV He™ beam were carried out to
determine the impurities content. “Overall” or, average Gd concentration and its compo-
sition depth profiles were performed by secondary ions mass spectrometry (SIMS). The
parameters of sample growth are summarized in Tab. C.1.

Table C.1: GaN:Gd samples specification: sample number, substrate, Gd concentration as
determined by SIMS measuerement, growth temperature and other parameters. Samples
are provied by Rocio Ranchal, Paul-Drude-Institut fiir Festkorperelektronik, Berlin

sample substrate [Gd]/cm™3 Terowth comment

M3113 | 4H-SiC(0001) 9 x 10"  840°C  co-doped with Si

M3122 | 6H-SiC(0001) 9 x 10" 840°C AIN buffer; in-situ annealed
10 min at 840°C after growth
M3152 | LiAlO,(001) 5 x 1016 - high density of basal SF

M3187 | 6H-SiC(0001) 3 x 10" 810°C  AIN buffer; in-situ annealed
20 min at 830°C after growth
M3198 | GaN template 5 x 10'® 810°C  very high layer quality

M3221 | GaN template 9 x 10" 810°C  very high layer quality

It is noted that XRD measurement on all these samples did not able to reveal any
sign of secondary phase, precipitate or clustering. Besides, The low Gd doping level of
the studied samples is beyond the sensitivity of RBS and PIXE!'%3l. Nevertheless, the
occurrence of small platelet GAN clusters in all these samples are determined by TEM
imaging techniques and simulations as will be presented in the following section. Al-
though samples are grown on different substrates, it seems to have no detectable affects
on the distribution of Gd atoms (from SIMS depth profile). Difference in substrates do
affects the density of extended defects, for instance threading dislocation (TD) density.
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Nevertheless, we did not find any correlation between the distribution of GAN clusters
and the existing TDs, as will be discussed. Therefore, it is not expected that difference in
substrate will eventually affect the data interpretation in the following.

C.2. InAs/Si samples

Si buffer
cooling down

InAs deposition Si capping smoothing reconstruction & ripening Time

Figure C.1: Scheme of the sample growth steps. (I) InAs deposit under lowered temperature
on Si(111) surface and formed flat island; (II) covering of Si under low temperature; (III)
elevate substrate temperature to smooth the capping Si; (IV) keep elevated temperature for
structure optimization; (V) cooling down.

The samples were grown by molecular beam epitaxy on either Si(001) or 5° off-cut
Si(001) substrate. The growth sequence could be summarized in the following five stages,
as schematically depicted in Fig. C.1. Initially, a silicon buffer layer is deposited at 600°C
prior the deposition of InAs. The temperature is ramped down to 400°C for InAs deposi-
tion. Afterwards, a 10-50 nm thick Si capping layer is deposited at the same temperature.
Next, the temperature rise again [post growth annealing (PGA)] to smooth the deposited
Si capping layer, at the same time, the InAs islands experience morphological and struc-
tural changes. Finally the growth chamber cool down to room temperature.

All the samples studied are summarized in Tab. C.2.

C.3. GaAsBi/GaAs samples

The samples were grown by solid-source molecular beam epitaxy on semi-insulating
GaAs(100) substrates. Conventional effusion cells were used for Ga and Bi and a two-
zone cracker source for As,. The substrates were heated for 10 min at 620°C to remove
the native oxide, after which a ~ 150 nm thick GaAs buffer layer was grown at 580°C.
Then, the growth was interrupted and the temperature was ramped down for the growth
of the target layer, which comprised 270 nm of GaAsBi. Samples were grown at substrate
temperatures (Tg) of 220°C, 270°C and 315°C. During the oxide removal and the buffer
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C.3. GaAsBi/GaAs samples

Table C.2: InAs/Si samples specifications: sample number, substrate, nominal InAs cov-
erage (MLs) and post growth annealing (PGA). Samples are provied by Tariq Al-Zoubi,
University of Kassel, Germany.

sample | substrate MLs PGA comment

A1367 | Si(001) 2 600°C

A1561 | Si(001)5° 2 600°C

A1564 | Si(001)5° 4  600°C high quality sample preparation
A1565 | Si(001)5° 1 600°C  coherent InAs cluster diameter 2—4 nm
A1573 | S5i(001) 1 600°C few SFin Si capping layer

A1574 | Si(001) 4  600°C no InAs clusters at all

Al601 | Si(001) 2 600°C 10 nm thick Si capping

A1602 Si(001) 2 NO  voids in Si capping where InAs located
A1706 | Si(001) 2 - only surface islands, no capping
A1709 | Si(001) 2 NO  Sicapping on A1706, voids like A1602
A1710 | Si(001) 2 600°C PGA of A1709

Al716 | Si(001) 2 600°C 50 nm Si capping, SF and bubbles in Si
A1717 | Si(001) 2 800°C 50 nm high quality Si capping

A1763 | Si(001) 2 600°C temp. up before Si capping, no InAs clusters
Al764 | Si(001) 2 600°C some bubble in Si capping

growth, the temperature was monitored with an optical pyrometer. Since the pyrometer
range is limited to Ts > 400°C, the temperatures for the GaAsBi layers were monitored
with a thermocouple. The thermocouple readings were calibrated by linearly extrapolat-
ing the relationship between the pyrometer values and the thermocouple values to the
low temperature range. The growth rate was 0.5 mum/h for the GaAsBi estimated by
layer thickness measurements performed by XRD. The atomic As/Ga flux ratio was 1.6
for GaAsBi. The flux ratios were determined from ion gauge readings. The nominal Bi
flux was the same for all samples. The as-grown samples were cut in 4 x 4 mm chips,
which were annealed in a RTA oven between 600°C and 800°C for 60 s or 120 s in a flow-
ing nitrogen environment. A GaAs proximity cap was used to prevent desorption of As.
The samples studied are summarized in Tab.C.3.

Table C.3: GaAsBi samples specifications: sample number, growth temperature (Ty), target Bi
concentration (Bi), As/Ga flux (As/Ga), annealing temperature (T,) and annealing period
(ta). Samples are provied by Janne Puustinen, Tampere University of Technology, Finland.

sample T Bi(%) As/Ga T, ta, ~comment
AsN3554.AG 220 1.46 1.6 - — no annealing
AsN3554.600.60 | 220 1.46 1.6 600 60
AsN3554.600.120 | 220 1.46 1.6 600 120
AsN3554.800.60 | 220 1.46 1.6 800 60
AsN3556.600.60 | 315 1.5 1.6 600 60
AsN3814.600.60 | 220 4.62 1.2 600 60
AsN3835.AG | 315 4.2+1.6 - - —  double GaAsBi layer
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Dislocation loops associated to Ga(As, Bi)
nano-clusters

D.1. Discolation loops in sample A3 and B

Figure D.1: Diffraction contrast images of sample B taken with (a) g;7; and (b) g5,,, respec-
tively. The contrast from projected dislocation loops satellite to the clusters are observed:
red continue (dash) line sketch the missing part of the loop outside (inside) the paper/foil
plane; blue line mark the cluster position.

In sample A3 and B, besides the rh-Bi clusters and transient clusters, we find some
dislocation loops (DLs). They are identified by the strain contrast images as shown in
Fig. D.1(a) and (b). The contrast strip, as marked above the red lines by the side of the
cluster in Fig. D.1(b), is produced by the strain field of a dislocation loop that is buried
in the specimen foil. In this cross-section geometry, we only observe a side view along
the radius direction of a half loop. While in Fig. D.1(a), a much thinner position, the part
of loop inside and outside the foil plane are already removed by preparation, leaving
only the edge-on part of the DL in the cross-section view. The red full (dashed) curves
schematically illustrate an inclined view of the loop outside (inside) the foil /paper nor-
mal that is removed by cross-section specimen preparation. Unfortunately, the full loop
is not best resolvable in the geometry of the cross-section specimen. Based on the obser-
vation, we deduce that the DLs plane normal is parallel to the [001] growth direction and
is perpendicular to the cross-section specimen foil normal. The DL radius can be deduced
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from the distance of the edge-on pairs of the dislocation line, which results between 12—
18 nm. Such DL were referred as prismatic dislocation loop, 18! which is not usually
seen in zincblend structure. Nevertheless, similar contrast of prismatic dislocation loop
attached to clusters is also found in annealed LT-GaAs:Sb layers through plan-view and
cross-section TEM[63160.187] ‘\vhere the authors suggested the prismatic dislocation loop
had a Burgers vector of b = 1/2[001]ag,4s. The author also suggested the creation of
such prismatic dislocation loops were related to strain relieve.

D.2. Strain energy of zb Bi-rich clusters and DLs

A direct interpretation of the Bi content in a cluster of critical size from Z-contrast images
is challenging because of the unavoidable overlapping matrix effect. We can nevertheless
estimate the Bi content based on experimental observations via strain energy criteria,
explained as follows. Because of the lattice misfit between GaAs and (the theoretically
predicted) GaBi, the local strain of the clusters will increase with more Bi that diffuse into
to the cluster. Beyond a critical size, plastic deformation (formation of dislocation loops)
is energetically more favorable. This is similar to the case of misfit dislocation formation
in strained epitaxial thin films. Indeed, we observed in sample A3 and B dislocation loops
satellite to the clusters. Such satellite dislocations are also observed in other systems
showing clusters 1631881 " Hence, with the observed dislocation loop and cluster radius,
we can deduce the Bi content in clusters of critical size.

Considering the large volume difference between GaAs matrix and GaAs;_,Biy clus-
ter, we assume the matrix is rigid as bulk GaAs. The stress that the GaAs; _,Biy clusters
suffer can be imagined as a free GaAs;_,Biy cluster squeezed in a GaAs hole of the same
amount of atoms. Therefore, interpolated from the lattice parameters of GaAs (5.65 A)
and (theoretical value of) GaBi (6.33 A 1361401y and assuming the Vegard’s law, the interior
strain € of GaAs;_,Bi, is function of x:

e(x) = AGaAs — AGaAsBi(X) _ X(Gaas — AGaBi) (D.1)

aGaAsBi(x) (1 - x)aGaAs + Xacapi

The total elastic energy of a Bi-rich cluster with radius r and strain €(x) (assuming isotropic
elastically) is function of x and :

E(x,7) = <§nr3> X %Eez(x), (D.2)

where E is the “equivalent” Young’s modulus (see Chapter 2.1.3 in page 9). Regarding the
dislocation loop energy Ep;, we use the well-established expression for the self-energy
of a dislocation loop of the radius Rp;, and Burgers vector b (b being the magnitude of
b) [189]’

GbZRDL II’IS“RDL

2(1—v) b '
in which G is the shear modulus, v is the Poisson ratio, and &« = 0.25 accounts for the

energy of dislocation corel>®l. At the critical cluster size, the elastic energy should equal
to the self energy of creating a dislocation loop:

Epr(Rpr) = (D.3)

Eo(x,7) = EpL(RpL), (D.4)
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D.2. Strain energy of zb Bi-rich clusters and DLs
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Figure D.2: Bi content calculated from soluving the energy balance equation with cluster
radius r and dislocation loops radius Rpy, from TEM observation as input parameters.

The equation defines a implicit function x(r, Rp). Because of the lack of data on the
elastic constants for GaAs;_,Biy, we use that for GaAs instead. Inserting the elastic con-
stants[183! (Ci1 = 2446 GPa, Cip = 59.11 GPa, C44 = 59.6 GPa, resulting in isotropic
equivalent Young’s modulus, shear modulus and Poisson ratio 611 E = 116.4 GPa, G =
47.8 GPa and v = 0.22, respectively), the Bi content x in cluster of critical size can be
solved from eq. (D.4) as function of cluster size r and dislocation loop radius Rpy.

In our TEM observation, the DLs radius ranges 12-18 nm and the radius of cluster of
critical size may between 6 and 8 nm. The Bi content x as function of » and Rp; solved
from the energy balance equation is plotted in Fig. D.2. According to the meaning of x
in GaAs;_Biy, it should be in the range of [0, 1], as it is apparently revealed (actually in
the range [0.4,0.78]) in Fig. D.2. However, the roots of the quadratic equation of x (from
the energy balance equation, Eq. D.4), with parameters r and Rpy, in the observed range,
does not necessarily guarantee that x will in the range. The fact that it indeed in the range
suggests that the above mentioned energy balance equation and related assumptions to
simplify the calculations are physically reasonable. With the calculations, we therefore
derived the critical value of Bi content in zb Bi-rich clusters is between 40 and 78 %. Thus
the zb Bi-rich clusters will contain a Bi content which is much higher than the value of
incorporated Bi into GaAs layers (x = 22 %) reported experimentally137].
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