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A study by transmission electron microscopy of the influence of the In and N contents in the ranges
of 20%-35% and 1.1%-3%, respectively, on the microstructure of Ga,_JIn,N,As;_, quantum wells
is presented. Frank dislocation loops characterized as extrinsic have been found in the samples with
x=0.25. In these structures, threading dislocations appear as a consequence of the unfaulting of the
loops for y=0.014. An analysis of the density and size of the dislocation loops has provided an
estimation of the critical radius for the unfaulting process. A model for this critical radius of the
unfaulting process of extrinsic Frank loops is proposed. From this model and experimental values
of critical radius, an estimation of the stacking fault energy of the GalnNAs alloy has been made.
We have found a reduction in the stacking fault energy of the GaInNAs alloys when increasing the
N content from 1.4% to 2.3% in good agreement with the theoretical estimation of the stacking fault

energies of zinc-blende GaN and InN. © 2005 American Institute of Physics.

[DOL: 10.1063/1.1988976]

I. INTRODUCTION

In the recent years, quaternary alloys of GalnNAs have
attracted considerable attention as promising materials for
edge-emitting1 as well as vertical-cavity surface—emittingz’3
lasers and for efficient solar cells.* The differences in size
and electronegativity between N and the other column-V el-
ements result in an alloy with unique properties such as a
strong negative bowing parameter, which causes a huge de-
crease of the band gap by the addition of relatively small
amounts of N (<5%) to GalnAs.> Access to wavelengths in
the 1.0-1.55 wm range makes this material system attractive
for lasers. Moreover, this alloy has been proposed5 to over-
come the low characteristic temperature (7;) due to a poor
electron confinement from the small conduction-band offset
of the conventional system GalnAsP/InP.

The role of the introduction of N in the GalnAs alloy is
twofold: on the one hand, it reduces the band gap, mainly by
acting on the conduction band and, secondly, the small size
of the N atoms reduces the lattice parameter of the GalnNAs
alloy and consequently the lattice mismatch with GaAs sub-
strates. Therefore, fewer structural defects are expected com-
pared to the GalnAs alloys with the same In fraction. In
order to obtain the highest optical quality for long-
wavelength emission an optimization of the In and N com-
positions is essential. In general, this is pursued through an
improvement in the efficiency of luminescence. However,
few studies have been published regarding the structural de-
fects that appear in high In- and N-content GaInNAs hetero-
structures. Moreover, although intensive efforts are being ap-
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plied to the characterization of this alloy, basic properties,
such as its stacking fault energy per unit area 7y, remain un-
known. This work is focused on the mechanisms of defect
generation that take place in high In- and N-content
GalnNAs quantum wells. Our results have allowed us to
make an estimation of the y of these GaInNAs alloys finding
that y follows a negative trend with the increase of N
content.

Il. EXPERIMENT

The samples have been grown by molecular-beam epi-
taxy (MBE) on (001) GaAs substrates in a VG V80H MBE
system equipped with an Oxford Applied Research HD25
radio-frequency plasma source for N. The N flux was con-
trolled by monitoring the intensity of the atomic N plasma
emission with a photodiode. The nitrogen content in the ep-
ilayers was calibrated from the x-ray-diffraction analysis of
bulk samples and GaNAs quantum wells grown using similar
plasma emission intensities. The growth temperature was
460 °C throughout the quantum well region. Five 8-nm
GaInNAs quantum wells (QWs), with In and N contents in
the 20%—-35% and 1.3%—-3% ranges, respectively, were sand-
wiched between GaNj)y;As barriers of 52-nm width. The
QW structure was capped with 200 nm of GaAs and 200 nm
of Al;GagAs, at growth temperatures of 580 and 620 °C,
respectively. After the AlGaAs growth, the sample was left at
620 °C for 1 h under As overpressure. The purpose of this
anneal step is to improve the photoluminescence intensity
which is generally low in as-grown samples. Using this step
the photoluminescence (PL) intensity is observed to increase
by factors of 5-20, depending on the composition. However,
no major change in the PL linewidth or the x-ray-diffraction
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TABLE I. In and N contents of the studied GaInNAs quantum wells.

Sample %In 9N
A20-1.3 20 1.3
A25-1.6 25 1.6
A35-1.1 35 1.1
A35-14 35 1.4
A35-23 35 23
A35-3 35 3.0

data from the samples is observed, suggesting no significant
structural change. The particular In and N compositions in
each sample are shown in Table I.

Specimens were prepared by mechanical thinning fol-
lowed by Ar*-ion milling for cross-sectional (CS) and planar
view (PV) transmission electron microscopy (TEM) analy-
ses. TEM studies were performed with JEOL EX1200 and
JEOL 2011 microscopes.

lll. RESULTS

Planar quantum wells without structural defects have
been observed in the TEM study of sample A20-1.3, with the
lowest In and N contents (20% and 1.3%, respectively). On
increasing the In composition to 25% (sample A25-1.6), the
surface of the wells becomes undulated, with a wavelength
of undulation of about 20 nm. This feature is accompanied
by the formation of dislocation loops, which present a regu-
lar distribution in all the QWs of the structure. The existence
of dislocation loops in GalnNAs has been reported by
others,’ but no detailed structural characterization has yet
been reported. Our contrast diffraction study revealed that
they are Frank dislocation loops (FDLs) being characterized
by the inside-outside contrast criterion”™ as extrinsic. For
higher In contents (35%), besides the three-dimensional (3D)
morphology and the extrinsic dislocation loops [shown in
PVTEM in Fig. 1(a) for sample A35-1.4), threading disloca-
tions (TDs) have been observed, as are shown in Fig. 1(b) for
sample A35-2.3 in CSTEM. The Burgers vector of the
threading dislocations has been characterized by the invis-
ibility criterion. The results of this study have shown that
approximately one-third of the dislocations have Burgers
vector %a(lOl], one-third %a(Oll], and the remaining ones
%a(llO]. The details of the characterization of these disloca-
tions have been published in a previous paper.lo It is worth
mentioning that misfit dislocations have not been observed in
these samples, neither in the cross-section study nor in the
planar view one. An analysis of the TD density and the den-
sity and size of the dislocation loops in relation to the N
composition in the samples with 35% In content has been
developed. With regards to the TDs, these are absent in lower
N-content sample A35-1.1, appearing on increasing the N
composition to 1.4% and 2.3%. However, it should be men-
tioned that the density of TDs in these samples is somewhat
lower for higher N contents, given that we have measured a
density of TDs of 3.5+0.5X10° cm™ for A35-1.4 and of
1.5£0.5X10° cm™ for A35-2.3. Structure A35-3 shows
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FIG. 1. (a) PV micrograph with 220BF reflection of sample A35-1.4, show-
ing the appearance of dislocation loops. (b) CS image of structure A35-2.3
taken with 220BF reflection, where threading dislocations are exhibited. We
can also observe the regular distribution of the FDL in all QWs of the
structure.

poor crystal quality, with a very high density of TDs reflect-
ing the difficulty of achieving high N content while preserv-
ing good crystal quality.

Measurements of density and size of the dislocation
loops in samples A35-1.1, A35-1.4, and A35-2.3 have been
performed in the planar view TEM study. Regarding the ex-
perimental procedure, it should be noted that the FDLs are
regularly distributed in the five quantum wells [see Fig.
1(b)], but in the observation in PV it is not easy to recognize
how many wells are being studied in a particular area of the
sample preparation. In order to be able to compare the den-
sity of Frank dislocation loops (ppp) obtained in the differ-
ent structures, we have first measured the pgp; in each well
in CS, and these data have been used to select an area of the
specimen foil in PV where all the wells are observed at the
same time. This analysis showed that the density of loops is
similar in each of the five quantum wells. Following this
procedure, the size distribution of the dislocation loops has
been measured. Figure 2 shows histograms of the radii of the
loops in samples A35-1.4 and A35-2.3. As it can be ob-
served, the distribution of radii is displaced to higher values
when increasing the N content, with the average sizes of the
loops approximately 13 and 16 nm for 1.4% and 2.3% N,
respectively. Moreover, the pgp; is also higher for higher N
compositions, having global surface densities (comprising
the five quantum wells) of 1.3+0.3Xx10'° and 2.0+0.3
X 10'9 cm™2, respectively. In sample A35-1.1, the density of
FDLs is much lower than in the higher N-content samples
(1.5 10% cm™2) and all the FDLs have radii in the range of
7-12 nm.
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FIG. 2. Histograms of the surface density of dislocation loops vs the radius
of the loops for samples A35-1.4 (a) and A35-2.3 (b).

Attention should be paid to the distribution of radii in the
histograms in Figs. 2(a) and 2(b). As it can be seen, there is
one interval with a density of loops, which is rather high,
centered at 12 nm for both samples. On increasing the radii
of the FDLs, the amount of defects in each interval is pro-
gressively diminished. However, in this progression it can be
observed that it is one step larger than the other ones. For
sample A35-1.4, this step is located at 21.5+1.5 nm, and the
difference in pgp;, between those intervals of the histogram is
more than two times higher than that observed in the values
of radius of 13.5, 22.5, 25.5, 28.5 nm, etc. In sample A35-
2.3, the abnormally high step is placed at 24+1.5 nm, and
the reduction in pgp; is three times higher than that found in
the remaining intervals. It seems that there could be a mecha-
nism of disappearance of loops with radii higher than the
values observed. This mechanism will be discussed later.

IV. DISCUSSION
A. The unfaulting process

Beginning with the influence of the In composition in
the microstructure of the GalnNAs quantum wells, we have
observed that the appearance of Frank dislocation loops is
closely related to the undulation of the surface of the wells
when increasing the In content from 20% to 25%. In general,
these types of defects originate by the accumulation of point
defects (vacancies for intrinsic type or interstitials for extrin-
sic type) due to a diffusion-controlled process. For the case
of island growth, Cullis et al.'' have reported that Frank
loops may form by vacancy aggregation in the compressive
stress field of a valley due to the associated partial relaxation
of the local stress. In this sense, the level of point defects is
probably the key point to explain the different behavior be-
tween GalnNAs and GalnAs QWs. Several authors have
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demonstrated that there is a significant percentage of inter-
stitial N (Refs. 12-14) and In (Ref. 15) in as-grown Galn-
NAs samples and that the annealing process removes these,
either to substitutional sites or to the surface. They also pro-
pose that strain at the interfaces plays an important role in
interstitial behavior. In our samples, the local stress concen-
trations associated with interface undulations could trigger
the collapse of interstitial defects in the fault planes that act
as the origin of the FDLs.

On the other hand, threading dislocations have been ob-
served in samples with 35% of In. The characterization of
these TDs has shown that approximately one-third has Bur-
gers vector of %a(lOl], one-third %a(Ol 1], and one-third
%a(llO]. This result implies that despite two-thirds of the
dislocations having the typical 60° Burger vector out of the
growth plane, one-third of them has 60° Burgers vector lying
in the growth plane. In order to understand the mechanisms
of the formation of these dislocations, we have calculated the
curve of critical layer thickness for plastic relaxation accord-
ing to the classical model of Matthews-Blakeslee.'® This cal-
culation showed that the thickness of the GaInNAs wells is
lower than the critical value; therefore, the formation of dis-
locations by the Matthews-Blakeslee mechanism'® is not en-
ergetically favorable in these samples.

Our TEM study shows that no conventional misfit dislo-
cation (MD) array is observed such as that common in III-V
systems such as GalnAs/GaAs. In these systems, disloca-
tions glide due to the mismatch stress forming long straight
segments at the interface that relieve the strain in the over-
lying region. In the case of strained multiple layers (SMLs),
this MD network is generally located at the first interface and
its density depends on the SML thickness and the lattice
mismatch. The absence of misfit relief mechanisms in our
analyses implies that the TDs are not associated with MD
generation.

An alternative process for the appearance of the ob-
served threading dislocations is the unfaulting of the existing
dislocation loops transforming these to perfect loops that
would later glide to the surface of the structure. This hypoth-
esis is in agreement with the fact that most of the disloca-
tions found in the PVTEM and CSTEM studies are grouped
in pairs, departing from the same point (see Fig. 1). In Fig. 3
we observe a perfect loop that extends up towards the surface
[Fig. 3(a)] and the probable final half-loop configuration
[Fig. 3(b)]. The unfaulting process through which a Frank
loop transforms into a perfect loop by the coalescence reac-
tion with Shockley partial dislocations has been widely
reported.”’18 In the particular case of extrinsic FDLs, two
Shockley partials are needed for the unfaulting mechanism
(see Ref. 19 and references therein). In fcc structures, the
habit plane of Frank dislocation loops is {111} type because
of the lower stacking fault energy (7). In these {111} planes,
there are three possible Shockley partial dislocations that
could take part in the coalescence reaction with the loop. The
reactions between an interstitial FDL and each pair of these
partial dislocations can be expressed as

a . — — ad_—— a a
—[121]+ ~[112]+ Z[111] — ~[O11],
(1201 [T12]+ S[111] = J[o11]
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(b) : 4

FIG. 3. CS micrographs in the 220BF reflection of sample A35-1.4. (a)
shows a perfect dislocation loop that drives up to the surface and (b) shows
a loop that exhibits the probable half-loop configuration formed by the un-
faulting process.

6[1_1_2]+g[21_1_]+§[111]_>5[101], (1)

a. — a.— — a a
5[2“]*5[121]*5[“1]_’5[“0]'

As it can be observed, the result of the reaction of a Frank
extrinsic dislocation loop with two Shockley partial disloca-
tions is the formation of a perfect dislocation, with one of
these three Burgers vectors. The probability of occurrence of
these three reactions in the materials should be the same,
therefore the unfaulting of the FDLs gives place to perfect
dislocations, one-third with each of the Burgers vector result
of the reactions above, which includes one-third of disloca-
tions with Burgers vector 60° lying in the growth plane. This
agrees with the experimental results obtained in the study of
the GaInNAs quantum wells with 35% In and high N con-
tents, therefore, it can be concluded that the mechanism of
the formation of the observed threading dislocations is the
unfaulting of the dislocation loops to form perfect disloca-
tions that glide to the surface of the structure.'® This process
is determined by vy and by the radius of the FDLs. In the
following, we discuss the energetic involved in the unfault-
ing process of a Frank dislocation loop, to permit us to cal-
culate the stacking fault energy of the GalnNAs system.

B. Model of unfaulting of interstitial Frank
loops

The classical model to describe the energies involved in
the unfaulting process of Frank dislocation loops starts from
the comparison of the formation energies of the FDLs and
the perfect 100ps.20’21 The formation energy of a FDL com-
prises the stacking fault energy of the loop Egr and the elas-
tic energy of line dislocations E| g,. On the other hand, the
formation energy of a perfect dislocation loop with circular
shape and Burgers vector b can be expressed as the sum of
the energies of two dislocation loops with Burgers vectors in
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the loop plane (b;,) and out of it (b,,,), respectively, provid-
ing b=b;,+b,,. In the following, we assume for simplicity
elastically isotropic bodies with homogeneous composition,
which is determined by a single lattice parameter a and, as a
first approximation, which follows Vegard’s rule. Thus, the
unfaulting process occurs when

ESF + El,Frank = El,perfect’ (2)
being

ESF = 7Tr2 Y (3)
/-Lb}27r nk 8ar

ElFrankzz’ﬂ'l 4 In -1 N (4)
' 477(1 - V) bFrank

E 5 ,ubgut [1 <8ar) 1]
. = — | In|l — | —
Lperfect WV47T(1 _ V) bom
2-v uby| (8
+2mr—— 2 Hon 1n<ﬂ)—2 , 5)
2(1 - V) 4 bin

where r is the radius of the dislocation loop, w is the shear
modulus, v is the Poisson ratio, a is the dislocation core
factor, and b, is the Burgers vector modulus of the Frank
dislocation loop. We consider the values of the lattice param-
eter, shear modulus, and Poisson modulus obtained from the
extrapolation of those corresponding to the binaries, taken
into account the values of the zinc-blende phase of the GaN
and InN.”? In our case, brank=bour=0a/\3 and b;,=a/ V%.
Therefore, we can obtain the relationship between the critical
radius for the unfaulting process 7. and 7y as

2
yo MAT 2¥Y {111(\%%)]. 6)
24777 5 (1 = ) a

From Eq. (6) we can obtain a value of vy for sample A35-2.3
of 83.5 mJ/m?. This value is notably high compared to the y
of GaygesIngssAs calculated by the extrapolation from the
values of the binaries,23 which is about 38.5 mJ/m?. The
addition of small amounts of nitrogen can modify the stack-
ing fault energy of the GalnAs system, but we would expect
a reduction instead of an increase. The reason is the stability
of the wurtzite structure of the ITI-N compounds compared to
the zinc-blende structure. The increase of N content favors
the trend of a wurtzite stacking inside the zinc-blende struc-
ture and this fact should signify a fall in the . In addition,
the classic model does not distinguish between the intrinsic
and the extrinsic case, the critical radius is the same in both
cases. Nevertheless, the conditions for the unfaulting process
are very different. For a Frank vacancy loop (intrinsic), the
unfaulting process occurs by the formation of a partial
Shockley dislocation that glides in an energetically favorable
direction. However, the unfaulting process of a Frank inter-
stitial loop (extrinsic) implies a displacement in an energeti-
cally unfavorable direction and it is necessary to a synchro-
nic shear of two Shockley partials that glide at the bottom
and top atomic planes of the loop, respectively.24 This rea-
soning is in agreement with the fact that no large Frank va-
cancy loops have been observed in the widely studied irra-
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FIG. 4. Plot of the energies involved in the unfaulting process of an inter-
stitial Frank dislocation loop in sample A35-2.3 vs the radius of the loop.
The Frank dislocation loops are stable for radius below 20 nm and the
unfaulting to perfect loops becomes spontaneous for radius above.

diated austenitic stainless steels and only the interstitial ones
have been found.”

Taking the above into account, we think that the ener-
getic treatment of the unfaulting process is more accurate if
we also consider the formation energy of the two Shockley
partial dislocations that glide in different planes. Thus, we
can write the energetic balance of the global process as

ESF + El,Frank + 2EShockIey = El,perfect’ (7)

being

b2 sin(B)2
EShockley - 277_rlu Shockley COS(,B)z _ (ﬁ) 1n< ar ) ’
4 l-v bShockley
(8)

where S is the angle between the Burgers vector and the
dislocation line for the Shockley segments, being in our case
B=m/6 and bgpocriey=a/ V6. Note that we consider the
Shockley partial dislocations as straight segments and not as
loops, although the total dislocation line formed is the length
of the loop circle.

To check the model, we have calculated the critical ra-
dius for the unfaulting process in the GalnNAs alloy from
Eq. (7) above and we have compared the results with our
experimental findings. However, there are no experimental
values for the stacking fault energies for the cubic structure
in the case of GaN or InN. Only Wright,26 using density-
functional-theory calculations, has estimated the energies of
zinc-blende stacking faults for the group-IIl nitrides. The
values for GaN (yg,n=-50.2 mJ/m?) and InN (yn
=—62.7 mJ/m?) are both negative values which are justified
by the difficulty of growing pure cubic III-N materials.

Figure 4 shows a plot the formation energy of the two
terms in the energetic balance of the unfaulting process from
Eq. (7) for the case of sample A35-2.3. As it can be ob-
served, Frank dislocation loops with radii relatively small
(lower than ~20 nm) can be stable in the material. However,
on increasing their size, the accumulated v is raised as well,
and the unfaulting process becomes favorable. As a result,
the relative stability of perfect and Frank dislocation loops is
directly linked to the size of the defect. In relation to this, the
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TABLE II. Experimental critical radius of unfaulting of FDLs and theoret-
ical Yyeor Using the 1y data proposed by Wright (Ref. 22) for samples
A35-1.4 and A35-2.3. For the same samples, critical radius (using Yo and
Yexpr (using experimental critical radius) calculated with the proposed un-
faulting model.

Teie (Model)

Sample Ferit (Expt)(nm) (nm) yexpt(mj/mz) 71heor(mJ/m2)
A35-1.4 21.5+1.5 19.26 34+2 37.1
A35-2.3 24+1.5 20.20 31+2 36.3

experimental results of the distribution of the size of the
loops for samples A35-1.4 and A35-2.3 (Figs. 2(a) and 2(b),
respectively) have shown a sudden reduction in the density
of loops when reaching the values of the radius of 21.5+1.5
and 24+1.5 nm, respectively. Considering the reasoning
above, this finding suggests that the decrease in FDLs ob-
served in our experimental study could be due to loops hav-
ing reached their critical radius for the process of unfaulting.
A considerable number of FDLs, with radii higher than the
critical values (21.5 nm for A35-1.4 and 24 nm for A35-2.3),
unfault to give rise to the threading dislocations observed in
our study. Table II shows the critical radii for samples A35-
1.4 and A35-2.3 found experimentally and calculated using
the proposed model. As it can be clearly seen, there is an
excellent agreement for the two samples analyzed. In sample
A35-1.1, however, TDs were not found. This could be ex-
plained by the small size of the loops in this sample, which
are unlikely to reach the critical radius for the unfaulting
process for these In and N compositions.

As explained above, the critical radius of the dislocation
loops for the process of unfaulting is directly related to the y
of the material. We are going to use the experimental values
of critical radius obtained in our study to estimate the y of
the GalnNAs alloy. From Eq. (7) we can obtain an expres-
sion for the 7y implicated in the unfaulting process of an
extrinsic loop as

2

pa )[4000 ln(w>+32+ 343u].
i ¥ a

Y= 48007 ryy(1

)

From this equation, a critical radius of a loop of 21.5 nm
(sample A35-1.4, Gag 4sIng 35N 014A8) 956 alloy) corresponds
to a y of the material of 34+2 mJ/m?. Similarly, for the
Gayg 5In 35N 023A80 977 alloy (sample A35-2.3) a value of
the y of 31+2 mJ/m? is calculated. As it can be observed,
the consequence of the introduction of N in the Galn(N)As
alloy is a reduction in the vy of the material in agreement with
the theoretical predictions using the 7Ny proposed by
Wright26 although our experimental results show high y de-
cay with the nitrogen content than the theoreticals. This
could mean a greater contribution of the stacking fault en-
ergy of the III-N binaries than that expected in the global v,
that is to say, the real 7y values are higher than that esti-
mated by Wright. In addition, the possibility that a high con-
centration of the N atoms occurs in local areas of the struc-
ture, reducing significantly the stacking fault energy in these
regions, should also be considered. In previous papers,27’28
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TABLE III. Summary of the main results obtained in the study of the dislocation loops and threading disloca-
tions in the samples with 35% In: global surface density of dislocation loops (pgp; ), average radius of the loops
(ray), critical radius (r.;). stacking fault energy (7), and density of threading dislocations (pyp).

Tay PrpL Terit Y PtD
Sample %N f (nm) (cm™) (nm) (mJ/m?) (cm™)
A35-1.1 1.1 0.0228 11.0 1.5x 108
A35-14 1.4 0.0222 13.4 1.3x10" 21.5+1 342 3%x10°
A35-2.3 2.3 0.0204 15.5 2.0x10' 24+1.5 31+2 2x10°
A35-3 3.0 0.0191 >10'0

we have shown the existence of composition modulation in
the (110) directions in the growth plane of GalnNAs struc-
tures. This fact supposes a source of error in the stacking
fault energy determinations. Up to now, several authors have
already reported the experimental data of lateral composition
modulation amplitude for GalnNAs QWs.”! Albrecht er
al.*® reported fluctuations in the concentration of indium of
+0.05 for as-grown samples, but only +0.01 for the annealed
samples. We have estimated that this can provide an increase
of about 3% of the absolute error in the stacking fault esti-
mation.

The significance of the decrease of y found experimen-
tally is that it provides a serious handicap for N-rich
GalnNAs growth. The lower the fault energy, the higher are
the stacking fault and twin densities in the sample. These
features of the microstructure may be considered as precur-
sors to the wurtzite formation.*® If we could consider valid
Vegard’s rule for any N content, a sample with 40% of ni-
trogen would have zero y and would change from zinc-
blende phase to wurtzite phase.

Table IIT shows a summary of the main results obtained
in the present study. As it can be clearly seen, on raising the
N content in the alloy both the density of FDLs and their
average radii are increased and this behavior leads to TD
formation through an unfaulting process. Therefore, from
each dislocation loop that unfaults and glides to the surface
of the structure, two threading dislocations are formed. It
should be highlighted that the density of threading disloca-
tions found in A35-2.3 is slightly lower than that found in
A35-1.4. In sample A35-1.4, approximately half of the FDLs
with radii higher than the critical one has suffered the pro-
cess of unfaulting whereas in A35-2.3 only one-third of them
has been converted to perfect dislocations. The fact that not
all the loops with radii higher than the critical value suffer
unfaulting could be due to kinetic limitations. As has been
discussed above, the FDL unfaults when it reacts with two
Shockley partial dislocations nucleated inside the loop. In the
formation and movement of these partial dislocations, local
stresses in the structure play an essential role. According to
this, the reasons for the higher proportion of loops that un-
fault in the sample with lower N content, A35-1.4, could be
related to the higher lattice mismatch (f) in this structure. An
increase in f when reducing the N composition could favor
the formation and movement of the Shockley partials in the
material, enhancing the probability of unfaulting in agree-
ment with the experimental results obtained for A35-1.4 and
A35-2.3. At the other extreme, the N-rich sample showed a
high TD density due to the increase on the size and density

of FDLs. The extrapolated value of FDL average size will be
very close to the critical radius of unfaulting, compensating
the small reduction of lattice mismatch.

The presence of a high density of interstitial defects in
GalnNAs causes the formation of Frank dislocation loops
that subsequently unfault, generating a high density of TD.
The expectation of defect-free N-rich GalnNAs structures
due to the reduction of lattice mismatch with increasing N
content needs to be revised. The defect formation in N-rich
GalnNAs is not controlled by the plastic relaxation of the
lattice mismatch, but by FDLs generation and a subsequent
unfaulting process, which occurs primarily due a decrease

in y.
V. CONCLUSIONS

The unfaulting of extrinsic Frank dislocation loops into
perfect loops in GalnNAs alloy has been studied both theo-
retically and experimentally. By transmission electron mi-
croscopy, we have observed Frank loops in Ga;_JIn N As
quantum wells with x=0.25, and also threading dislocations
for y=0.014, which are generated from the unfaulting of the
loops. The analysis of the distribution of size of the loops in
samples with 35% In showed a sudden reduction in the den-
sity of the loops at radii of 21.5 nm for 1.4%N and 24 nm for
2.3%N. We associate these values with a critical radius for
the process of unfaulting. With these experimental values of
the critical radius and the theoretical approach proposed by
the authors, an estimation of the stacking fault energy for the
GalnNAs alloy has been made. For Gag 5Ing 35N 014AS, the
stacking fault energy has been calculated as 34 mJ/m?, and
for Gay ¢sIng 35N go3As, as 31 mJ/m?. These values are in
good agreement with the theoretical estimation found in the
bibliography. Therefore, the introduction of N in the
GalnNAs alloy reduces the stacking fault energy of the alloy.
The defect generation of high N-content GaInNAs samples is
governed by the FDL formation and unfaulting processes
instead of by plastic relaxation due to lattice mismatch.
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