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The blueshift of the fundamental energy gap of (Galn)(NAs) upon thermal treatment is well
established. However, the physical reason is still controversially discussed in literature. In the
present paper we give direct structural evidence using transmission electron microscopy in
combination with structure factor calculation that this blueshift—for the metal organic vapor phase
epitaxy grown samples investigated here—results solely from a change in the local environment of
nitrogen. N is bound to Ga upon growth and moves into an In-rich environment upon annealing to
minimize the strain energy of the crystal. The technique presented here can be used to
unambiguously determine the reason for the blueshift of differently grown and annealed dilute
nitride materials. © 2008 American Institute of Physics. [DOI: 10.1063/1.2970162]

I. INTRODUCTION

The dilute N containing quaternary alloy (Galn)(NAs) is
of considerable technological interest as the N induces a
theoretically predictedl’2 and experimentally provenS_5
strong bowing of the band gap in this material system and
hence allows for emission wavelengths in the range of
1.3—-1.55 wm on GaAs substrates. (Galn)(NAs) grown lat-
tice matched to GaAs or Ga with a 1 eV band gap is also a
candidate for one of the junctions in III/V multijunction solar
cells.®

The metastable (Galn)(NAs) material system is charac-
terized by several unique effects observed as a consequence
of postgrowth thermal treatment. Annealing in this material
system results—from the optoelectronic point of view—on
one hand in a dramatic increase in luminescence intensity.
The reason for that is not completely understood yet.7716 On
the other hand, one observes a blueshift of the fundamental
energy gap after annealing, which is controversially dis-
cussed in literature. The magnitude of the blueshift depends
on In and N contents in the samples, but is commonly high-
est for high In and N contents and can be as large as 100
meV. The blueshift of the fundamental energy gap is ob-
served irrespective of the growth technique used. However,
there might be several mechanisms contributing to an in-
crease in the band gap of the material. Some of those are
growth technique and annealing related, e.g., element diffu-
sion on both group-III and group-V sublattices, altering the
composition of the structures. Some of the mechanisms are
intrinsic for the material systems under investigation, e.g.,
local atomic ordering. The magnitude of the various contri-
butions strongly depends on the growth conditions [e.g., mo-
lecular beam epitaxy (MBE) or metal organic vapor phase
epitaxy (MOVPE), choice of precursors and N and In con-
centrations] as well as the annealing conditions (annealing
time, ambient, annealing temperature, etc.).

There are several reports in the literature dealing with
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the compositions of the quaternary material before and after
annealing. Various papers report that the composition of the
alloy does not change upon annealing. This is mainly seen by
high-resolution x-ray diffraction (HRXRD) analysis.'”'® Af-
ter different growth and annealing procedures, however,
atom diffusion on the group-IIl and group-V sublattices can
also take place. It was demonstrated in Ref. 15 that inhomo-
geneities in the In composition throughout the quantum wells
(QWs), which were present after MBE growth, can be dis-
solved upon annealing, resulting in a reduction of the maxi-
mum In concentration after annealing. It is shown that the
blueshift and the reduction in photoluminescence (PL) line-
width and in Stokes shift are related to the In distribution
homogenization. Rapid thermal annealing (RTA) is also
shown to result in N diffusion out of the QW.19 The blueshift
of the PL in these samples is due to a reduced N concentra-
tion in the QWs upon annealing. Similar element redistribu-
tion effects upon annealing were also observed by other
groups.' %

Strong QW/barrier intermixing (which was mainly ob-
served for MBE-grown samples7’9’12) can be caused by the
enhanced presence of point defects (which originate from the
rf nitrogen plasma source used for incorporating N in MBE).
Sun ef al.*' showed the secondary ion mass spectrometry of
MBE samples that intentionally introducing point defects in
the material results in the interdiffusion of group-III atoms
between the QWs and barriers, and hence in a blueshift of
the PL signal. It is also possible that point defects
promote—in addition to interdiffusion—in-plane composi-
tional diffusion.

Several authors even reported on a redshift of the PL
emission upon RTA of MBE-grown samples.22 The activa-
tion of N from interstitial to substitutional sites may be re-
sponsible for this redshift. It was shown by a combination of
nuclear-resonance analysis and ion-beam channeling that a
significant amount of N is incorporated on interstitial lattice
sites during MBE glrowth.23 This interstitial N is removed
upon annealing. It can be either activated to lattice sites or
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diffused out of the sample completely. The authors also ob-
serve an outdiffusion of substitutional nitrogen upon RTA
that could also explain some of the blueshift of RTA an-
nealed MBE-grown samples. Those studies show that—
depending on growth and annealing conditions used—it is
possible to keep the QW composition unchanged or alter it
after annealing for both growth and annealing techniques
used, the latter of which already can introduce a significant
blueshift to the PL signal.

An intrinsic contribution to the blueshift, however, is the
rearrangement of the local N environment as it does not alter
the macroscopic composition of the crystal. A single
(GalIn)(NAs) crystal with a fixed composition was shown to
possess five different band gaps caused by five different
nearest-neighbor (NN) environments of N 1% The NN envi-
ronment of N and the band gap of the material can be tuned
by changing the annealing conditions.

The direct structural proof of the N environment in
mixed crystals containing only dilute amounts of N is diffi-
cult to bring forward. There are reports in literature on the
local mode spectroscopy of as-grown and annealed MOVPE-
grown (Galn)(NAs) solar cell and laser material, 1724726
which show the increase in an In-N mode after annealing,
whereas upon growth Ga-N modes are mainly detectable.
Very convincing evidence for such changes is obtained by
Raman spectroscopy close to the E+ resonance with excita-
tion energies of 2.18 eV (Ref. 16) and 1.92 eV.” Other proof
includes extended x-ray absorption fine structure (EXAFS)
measurements in combination with ab initio simulations on
MBE-grown (Galn)(NAs) laser material.””*® These EXAFS
data and the theoretical calculations are still discussed con-
troversially in the literature,” where only one order of mag-
nitude weaker ordering than predicted in Ref. 30 is antici-
pated. It is worth mentioning that under certain growth and
annealing conditions there seems to be no significant
changes in the NN environment of N in (Galn)(NAs); i.e.,
the 4Ga environment dominates even after annealing.

In the following, a different and direct way of proving
the change in N environment or any element redistribution
upon annealing is presented and discussed. Composition-
sensitive transmission electron microscopy (TEM) dark field
micrographs in combination with refined structure factor cal-
culation, together with strain-state analysis of as-grown and
annealed (Galn)(NAs), will be presented. As these investiga-
tions were performed on laser material with an In content of
30% and a N content of 1.5% (lattice mismatch to GaAs,
3.6%), as well as on solar cell material (lattice matched to
GaAs) with In content of 8% and N content of 3%, they
confirm that the structural changes in NN scale happen in the
structures under investigation here. Moreover, the novel
technique presented here can be used to unambiguously de-
termine all the reasons for the PL shift in any (Galn)(NAs)
samples upon annealing.

Il. EXPERIMENTAL

(Galn)(NAs)/GaAs multiquantum well (MQW) struc-
tures have been grown on (001) GaAs substrates by MOVPE
in a commercial reactor system (AIX200-GFR) under H,
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FIG. 1. Schematic cross section of the TEM sample structure.

carrier gas at a reduced pressure of 50 hPa. As one deals with
a metastable material system, nonequilibrium growth condi-
tions, i.e., low substrate temperatures, have to be employed
and more efficient decomposing group V precursors [tertiary
butyl arsine (TBA) and 1,1-dimethylhydrazine] have been
used. (Galn)(NAs) laser material, which would emit at the
1.3 um range, has a composition of about 30% In and 1.5%
N. (Galn)(NAs) solar cell material, which is lattice matched
to GaAs and has a 1 eV band gap, has an In content of 8%
and a N content of 3%. Annealing of the structures took
place in the MOVPE reactor using a procedure that was op-
timized for maximum PL efficiency gain of laser structures
(700 °C for 5 min under TBA stabilization and 25 min at
+625 °C unstabilized in H, ambient).

Structures for TEM were MQWs with 100 nm wide
GaAs barriers in order to ensure that any strain contrast
caused by the deformation of the thin TEM sample and even
visible in g=(002) dark field irnages32’33 does not influence
the subsequent QW intensity. QW thicknesses were in the
range of 10-20 nm, depending on the strain with respect to
the substrate. The TEM samples consist of QWs with differ-
ent compositions in one single sample to ensure identical
sample preparation conditions and imaging conditions for all
the layers under investigation. As the (002) dark field inten-
sity for several quaternary compositions does not show the
zero-intensity transition at the interfaces of the QWs, special
(Gay 7Ing 3)As QWs with a composition gradient at both in-
terfaces were grown into the sample to have the intensity
zero of the charge coupled device (CCD) camera, which
needs to be subtracted from the dark field intensity before
further processing. This design was chosen to definitely in-
clude the zero-intensity value, which is around 20% In. A
schematic cross section of the used sample structure is
shown in Fig. 1. For reference purposes (PL and XRD mea-
surements), five time QW structures of the different materials
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were also deposited and in part annealed under identical con-
ditions as the TEM sample. The [010] TEM cross sections
were prepared by mechanical polishing followed by 3 and 1
kV Ar ion milling, as well as by cleavage techniques. The
g=(002) dark field images were obtained in a JEOL
JEM3010 at an acceleration voltage of 300 kV, tilting the
samples around the growth direction away from the [010]
pole so that only the transmitted and the (002) beams were
excited strongly. In the geometry used, the center of Laue
circle was corresponding to (20, 0, 1) to (20, 0, 1.5) for the
(002) reflection, resulting in low influence of small thickness
fluctuations of the samples on the observed image intensity.
To get a measure for the error bar of these measurements,
several (>10) measurements were undertaken at different
sample positions, i.e., different sample thicknesses. From the
values derived, an error bar was calculated. For strain-state
analysis from high-resolution images, the samples were tilted
to the same direction and the direct (000) beam was allowed
to interfere with the diffracted (002) beam to obtain a stripe
image. From the distance of the stripes one can derive the
tetragonal distortion of the QWs if—in case of strained
films—the results are compared to finite element simulation
of the strain state of the thin TEM sample. For HRXRD a
five crystal diffractometer was used and w—2@ scans were
recorded around the (004) reflection of the substrate. The PL
of the reference samples was measured at room temperature,
using a 514 nm cw Ar ion laser for excitation. The emission
of the samples was dispersed in a 1 m grating monochro-
mator (THR 1000 from Jobin-Yvon) for evaluation of the
spectral characteristics.

lll. RESULTS AND DISCUSSION

We will show first that annealing our MOVPE-grown
(Galn)(NAs) results in the well-known changes in the optical
characteristics as the blueshift of the band gap. The structure
factor calculations, which base the TEM dark field analysis,
will be described in the following, and we will show that
annealing did not change the macroscopic strain state for all
(GalIn)(NAs) alloys under investigation here. Measuring the
intensity across dark field transmission electron micrographs
and comparing these results with structure factor calcula-
tions, we will provide a direct structural proof of the N site
change upon annealing from a Ga-rich environment to an
In-rich one.

A. PL characteristics

The blueshift of the band gap of (Galn)(NAs) with dif-
ferent compositions is shown as a function of the In content
in the material in Fig. 2. The blueshift increases with increas-
ing In content in the layers. The theoretical values for the
blueshift of N in different group-III environments derived
from Ref. 14—under the assumption that the only reason for
the blueshift of the band gap is the change in the NN envi-
ronment of the N—are indicated as dashed lines in this fig-
ure. The values of N with one (blueshift of 20 meV), two
(blueshift of 40 meV), or three (blueshift of 60 meV) In NNs
after annealing are given for a N content of 1.5%. The
amount of blueshift increases with increasing In content (as
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FIG. 2. Blueshift of (Galn)(NAs) QW structures having different In contents
as a function of the In content in the material.

well as with increasing N content) due to the increasing
number of In-rich bonding sites available for a group-V atom
from a statistical distribution of the In. The two samples
analyzed in this study are (Gag gyIng o3) (N 03ASg 97) solar cell
material and (Gag5Ing3) (N o15A80085) laser material, which
are shown in the figure as dots. Before annealing, both ma-
terials had N solely in Ga environment (N-4Ga). The solar
cell material has after annealing the N on average in one In
environment  (blueshift of 19.9 meV: configuration
N-1In3Ga), whereas the (Galn)(NAs) laser sample has be-
tween two and three In NNs of the N (blueshift of 50 meV:
configuration 50%N-2In2Ga+50%N-3In—Ga). These sta-
tistical values for the N-III bonding arrangement enter the
later valence force field (VFF) calculations of the local lat-
tice strain, which is needed for the structure factor calcula-
tions.

B. Structural characterization
1. Structure factor calculation

Imaging crystals with zinc-blende symmetry using g
=(002) in a TEM are characterized by chemical sensitivity of
the dark field micrograph. The strong influence of the com-
position on the image intensity can be concluded when
studying the structure factor. The square of the absolute
value of the structure factor is proportional to the image in-
tensity in kinematical approximation,

I(g) ~ |F(g)|*. (1)

The value of the structure factor F' for a particular reflec-
tion g=(hkl) can be expressed in the form

Fig) =N-1{2J3<g>exp[zmg<r,+u,-)]}, @

where N is the number of unit cells over which we average
the structure factor, f;(g) is the kinematic electron scattering
factor, and r; is the average crystal sites of the atoms. In a
virtual average crystal, group-V atoms occupy sites with co-
ordinates ry=(0,0,0), whereas group-III atoms are located
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TABLE 1. Comparison of the calculated and experimentally determined image intensities of (Galn)(NAs) laser
and solar cell material, respectively. To obtain the theoretical image intensity ratios, it has been assumed that the
nitrogen changes its environment from a Ga-rich one upon growth to an In-rich one upon annealing (ann). The

values for the different NN environments of the N are indicated.

Theory
|F002|ann2/ |F002|as-gmwn2 Experiment
Material system N-4Ga0In ~ N-3Galln  N-2Ga2Ga  N-1Ga3Ga  N-0Gad4ln I/ Lisgrown
Solar cell 1 1.16£0.02 1.19+0.02 1.19%£0.02 1.19%£0.02 1.17%0.05
Gayg g2Ing 0sNo.03A80.97
Laser 1 0.88+0.02 0.83+0.02 0.83+0.02 0.83*0.02 0.85*0.05

Gayg 7Ing3Ng 015A80.985

at r=(0.25,0.25,0.25). As a consequence of the small
atomic radius especially of nitrogen, the atoms might be dis-
placed from their virtual average position r; by a vector of
static atomic displacement u;. This is important to take into
account as has already been demonstrated for
Ga(NAs)/GaAs.33 The kinematic electron scattering factors
of individual atoms calculated by Doyle and Turner”* were
used in the following calculations. In order to compute the
atomic displacement u; , we employed the VFF supercell
method described previously.35 A supercell with size of 40
X 40X 40 unit cells showing adequate convergence for the
structure factor was used. First, the atomic species were
placed at their “ideal” positions and r; in the virtual crystal,
taking into account the tetragonal distortion. Then the atomic
coordinates were relaxed with respect to the total strain en-
ergy in accordance with Keating’s36 VFF model. As one
deals with a quaternary alloy, having a mixed group-V as
well as group-III sublattice, the structure factor of the alloy
will be different, whether one treats it to be GaN+InAs-like
(“as grown”) or InN+GaAs-like (“annealed”). This differ-
ence arises mainly from the different bond lengths of InN
versus GaN. Interaction parameters for GaAs, InAs, InN, and
GaN used in the strain energy functional are listed in Ref. 37.
During the relaxation procedure we applied additional con-
straints in order to keep the macroscopic strain of the super-
cell constant. The structure factors for the g=(002) vector
were calculated for solar cell material (In=8%, N=3%) as
well as laser material (In=30%, N=1.5%). A random in-
dium distribution was assumed for both compositions and
irrespective of the thermal treatment. The difference between
the as-grown and annealed atomic arrangements is the distri-
bution of the nitrogen atoms. In the case of the as-grown
alloy, nitrogen atoms were distributed randomly among the
group-V lattice sites, which have no indium in the first NN
shell. The annealed alloys were generated by filling the ni-
trogen atoms in lattice sites with In in the first NN shell. The
annealed alloys were simulated with different numbers of In
atoms in the first NN shell of the N. The intensity of the
quaternary alloy should be different when the nearest neigh-
borhood arrangement of the nitrogen changes. The square of
the absolute value of the structure factor, calculated for dif-
ferent N-III neighborhoods, was normalized to the square of
the absolute value of the structure factor, assuming that N is
exclusively bound to Ga. These numbers are given in Table I.
The normalization took place in order to ensure comparabil-
ity to the later experiments. It can be seen that the contrast of

solar cell material becomes brighter if the nitrogen place
change happens, whereas the laser material becomes a darker
contrast. The largest intensity change is already expected
when the N changes its environment from 4Ga to 3Galln.
Aside from this conclusion, the discrimination between dif-
ferent In-rich NN environments can only be done if the ex-
perimental error is very low.

2. Determination of lattice constant

These changes in image intensity and hence in structure
factor can of course be only differentiated from an altered
chemical composition if one proves that the composition be-
fore and after annealing stayed unchanged. This was per-
formed in several ways, two of which will be elucidated in
the following. To show that the quaternary composition did
not alter upon annealing—under the conditions used here—
the tetragonally distorted lattice constant of the QWs was
measured from high-resolution TEM images before and after
annealing. If one takes the thin foil relaxation into account
when dealing with strained laser samples, this gives direct
information whether the composition of the QW did alter.
Relaxation of the thin TEM specimen does not need to be
taken into account when dealing with lattice matched solar
cell material. A comparison of the lattice constants in growth
direction of a lattice matched (Galn)(NAs) QW before and
after annealing for 5 min at 700 °C under TBA stabilization
and subsequently for 25 min at 625 °C without any stabili-
zation is shown in Fig. 3(a). It can be seen that the lattice
constant of the (Galn)(NAs) is identical to the one of the
GaAs, proving first that the lattice matching conditions,
which were aimed for, are actually fulfilled. Furthermore,
there is also no difference in strain state between the as-
grown and annealed samples, proving that the chemical com-
position of the quaternary alloy did not alter upon annealing,
neither did the interface structure of the QW with the GaAs
barriers. It was also shown for laser material in the same way
that the composition did not change upon annealing. In ad-
dition to this nanoscale analysis of strain, it was shown by
HRXRD that the macroscopic strain state of the material did
not change upon annealing. w-20 HRXRD scans around the
(004) GaAs reflection of a (Gag7Ing3)(Nj 015A80 935) MQW
structure before and after annealing are shown in Fig. 3(b).
The Pendellosung fringes are well established in both dif-
fraction patterns and the superlattice reflections are at iden-
tical positions. This confirms that no QW-barrier intermixing
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FIG. 3. (a) Strain-state analysis of a (Gagg,Ingog)(Ng03ASg97) QW before
(open symbols) and after annealing (filled symbols). (b) HRXRD «-20
scans of a (Gag;Ing3)(NogisAsgoss) MQW structures before and after
annealing.

took place and that the interfaces of both samples are equally
sharp. As the position of the QW envelope also did not
change upon annealing, one can further conclude that the
average QW composition stayed unchanged upon the applied
annealing.

3. Chemically sensitive TEM dark field

Bearing this study in mind, one can now investigate the
chemically sensitive g=(002) dark field micrographs, which
ought to give information on the local environment of the
nitrogen as explained above. The (002) dark field micro-
graphs of (Galn)(NAs) laser, as well as solar cell material (a)
before and (b) after annealing, are shown in Figs. 4 and 5.
Line scans across the respective images are shown in (c). It
can be seen that for the laser material the image intensity
decreased upon annealing, whereas for solar cell material the
image intensity increased upon annealing. To derive quanti-
tative information from these intensity scans, the “zero
value” for the CCD camera, which was obtained from the
interfacial layers of the (Galn)As reference QWs, was sub-
tracted from the respective image intensities. As the sample
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FIG. 4. Composition-sensitive (002) DFTEM images of a

(Gag grIng og) (N 03A80.97) QW (a) before and (b) after annealing. The line
scans across the images are depicted on the right hand side.

contains four (Galn)As reference QWs distributed over the
complete region of interest, this procedure is more accurate
than subtracting the zero intensity, which one would derive
from the dark field (DF) intensity of the hole of the TEM
specimen. To exclude the effects of sample thickness, these
corrected intensities were afterwards divided by the intensity
of GaAs neighboring regions. This results in zero-intensity-
corrected and thickness-normalized (002) DF intensities for
the (Galn)(NAs) QWs, which can be further processed.

4. Comparison of experiment and theory

The experimentally determined intensity changes upon
annealing are quantified in Table I and compared to the cal-
culated intensities. The numbers given in Table I are the
ratios of squared values of absolute numbers of structure
factors for nitrogen configurations before and after anneal-
ing, together with the ratios of the respective dark field im-
age intensities for both solar cell and laser material. There is
an excellent agreement between the theoretical values as-
suming the NN change in nitrogen from a Ga-rich to an
In-rich environment upon annealing and the experimental
data. These results are a direct nanostructural proof that the
N changes its environment from a Ga-rich one upon growth
to an In-rich one after annealing. The driving force for this
NN change is the reduction in strain energy of the crystal.37

IV. SUMMARY

In summary, this study gives direct structural evidence
that the supposed change in local environment of the N ac-

as grown g = (002) (©

annealed ’ o

60

IGaAs

(b)

I(GaIn (NAs)

FIG. 5. Composition-sensitive  (002) DFTEM images of a
(Gagy7Ing 3)(Ng o15AS00g5) QW (a) before and (b) after annealing. The line
scans across the images are depicted on the right hand side.
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tually takes place driven by the strain energy of the crystal.
The samples investigated here were grown by MOVPE and
did not show a change in macroscopic strain state, interface
configuration, and thickness of the QWs after annealing, in-
dicating that the composition remained unchanged upon an-
nealing. Using chemically sensitive dark field imaging in a
TEM in combination with refined structure factor calcula-
tion, it can directly be shown that the N changes its site upon
annealing from a Ga-rich one upon growth to In-rich envi-
ronments. This can be detected by dark field TEM (DFTEM)
as Ga-rich and In-rich environments of the N are character-
ized by different bond lengths, as also calculated by VFF
methods. The bond lengths in the crystal enter the structure
factor, the square of which is directly proportional to the DF
intensity.

As the method presented here is not only sensitive to the
local rearrangement in the N environment but also capable of
detecting changes in (Galn)(NAs) QW composition and
strain state, it can be used for all (Galn)(NAs) structures to
unambiguously determine the reasons for the PL shift of the
respective samples.
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