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A B S T R A C T   

Nitrogen (N) is a common element added to GaAs for band gap engineering and strain compensation. However, 
detection of small amounts of N is difficult for electron microscopy as well as for other chemical analysis 
techniques. In this work, N in GaAs is examined by using different transmission electron microscopy (TEM) 
techniques. While both dark-field TEM imaging using the composition sensitive (002) reflections and selected 
area diffraction reveal a significant difference between the doped thin-film and the GaAs substrate, spectroscopy 
techniques such as electron energy loss and energy dispersive X-ray spectroscopy are not able to detect N. To 
quantify the N content, quantitative convergent beam electron diffraction (QCBED) is used, which gives a direct 
evidence of N substitution and As vacancies. The measurements are enabled by the electron energy-filtered 
scanning CBED technique. These results demonstrate a sensitive method for composition analysis based on 
quantitative electron diffraction.   

1. Introduction 

The promise of the III-V compounds added with small amounts of 
nitrogen (N) is based on the possibility to tailor optical and electrical 
properties through composition-based energy bandgap engineering [1]. 
In particular, the III-V semiconductor compound GaAs with N added for 
the formation of dilute GaNxAs1-x alloys (x ~ 0.01 – 0.06) has attracted 
large interest in the past two decades. This is because of its unique 
properties and potential applications in novel optoelectronic devices, 
especially in high efficiency multi-junction solar cells [2,3], photode-
tectors [4,5] and infrared lasers [6]. The promise of the III-V-N com-
pounds is based on the possibility to tailor optical and electrical 
properties through composition-based energy bandgap engineering [6]. 
Substitution of As by N drastically reduces the bandgap energy in GaAs 
[7]. In addition, the cubic lattice parameter decreases as a function of 
increasing N concentration. For this reason, GaNAs is also used for strain 
compensation in device structures [8]. A major challenge in the III-V-N 
dilute nitride-based devices, regardless of the use of modern epitaxial 

growth techniques, is poor material quality. N incorporation is often 
accompanied with an increase in structural defects, which degrade the 
device performances [9–11]. Questions have also been raised on how N 
is incorporated into the crystal lattice, whether it is substitutional or 
interstitial. Therefore, an accurate determination of the N concentration 
and its incorporation mechanism in III-V-N is necessary to further 
develop these dilute semiconductor compounds. 

The detection of minority atoms in general is challenging for mate-
rials characterization. Transmission electron microscopy (TEM) with its 
high spatial resolution, is a powerful tool. Various TEM based ap-
proaches have been developed for composition characterization at the 
atomic level. For example, a small amount of carbon (C) in steel can be 
detected down to a threshold concentration using electron energy loss 
spectroscopy (EELS). Using a theoretical model, Natusch et al. 
concluded that the detection limit of C in steel was not better than 1.9 at. 
% C, given the instrumentation available at the time of publication [12]. 
Another approach is based on the measurement of strain and the use of 
Vegard’s law for local composition determination. For example, the 
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concentration of N in the GaNxAs1− x quantum wells (0.01≤ x ≤ 0.05) 
was determined from high-angle annular dark-field (HAADF) scanning 
transmission electron microscopy (STEM) images using an image-based 
strain analysis method [13]. The lattice strain can also be directly 
measured using diffraction [14]. Direct imaging based on the scattering 
intensity distribution is a third possible approach: Caspary [15] re-
ported, for example, the determination of a N content of 2.5–3% in a 186 
nm thick, nearly uniform GaNxAs1− x layer by evaluating the contrast of 
annular dark field (ADF) images taken at different collection angle in-
tervals. The nature of the N incorporation has also been reported. Tang 
and coworkers found that the incorporated N in dilute-nitride GaNxAs1-x 
epilayers grown by molecular beam epitaxy (MBE) with x = 0.01 to 0.04 
was primarily interstitial [16]. 

Here, we have determined the N content and the nature of N incor-
poration in the GaNxAs1-x films on GaAs (001) substrates grown by MBE 
using TEM, STEM and CBED. The GaNxAs1-x films gave different contrast 
than the GaAs buffer in both TEM and STEM images. However, neither 
the state-of-the-art STEM-EELS nor energy dispersive X-ray spectroscopy 
(EDS) were able to give definite signals from nitrogen in these films. To 
overcome these limits and develop a quantitative method, we applied 
the newly developed energy-filtered (EF) scanning convergent beam 
electron diffraction (SCBED) technique to the GaNxAs1-x thin film sam-
ples. The goal was to examine the structure factors and the lattice pa-
rameters, since both are dependent on the N concentration and the 
nature of N incorporation. Through the refinement of high quality CBED 
patterns acquired using EF-SCBED, we demonstrate that the GaNxAs1-x 
film composition can be determined experimentally from the measured 
structure factors and provide evidence of N substitution and As va-
cancies. Thus, this paper establishes SCBED as a technique for charac-
terization of atomic composition in dilute-nitride GaNxAs1-x epilayers. 

2. Materials and methods 

Three GaNxAs1-x epilayers with different N content were grown on 
500 µm thick GaAs (001) substrates using a Veeco GEN 930 MBE system 
equipped with a Veeco SUMO source for Ga, a Veeco Mark V valved 
cracker source for As2 and a Veeco UNI-Bulb RF plasma source for ni-
trogen. GaNxAs1-x epilayers of 300-500 nm in thickness were grown at 
460◦C at the rate of 1 µm/h on a 200 nm thick GaAs buffer epilayer 
(Fig. 1a). The nitrogen concentration of the prepared samples was first 
determined by high-resolution X-ray diffraction (HRXRD) (see Fig. 1b 
for an example) using Vegard’s law [17], which gave the estimated 
molar fractions (x) of 1.0%, 2.4% and 6.4% for the three studied 

epilayers. The HRXRD was performed using a Bruker D8 Discovery 
High-Resolution Diffractometer using Cu Kα radiation (1.5406 Å). For 
convenience, we will refer to the samples by the N percentage obtained 
from HRXRD for the subsequent discussions. The nominal thicknesses of 
the grown GaNxAs1-x films were 300 nm for the 1.0%N and 6.4%N 
samples, and 500 nm for the 2.4%N sample. 

Cross-section TEM samples were prepared both by focused ion beam 
(FIB) and Ar+ ion-milling. FIB samples were prepared using a FEI Helios 
G4 UX dual-beam FIB. Initial Ga+ ion-beam thinning was done at 30 kV 
acceleration voltage followed by final thinning at 5 kV and 2 kV to 
minimize the surface damaged layer on either side of the lamellae. A 
PIPS II was used to thin the Ar+ ion-milled samples. The acceleration 
voltage of the ion beam was initially set at 3.5 kV before gradually 
reduced to 0.2 kV in the final stages of the milling. The samples were 
cooled by liquid nitrogen during milling. 

TEM characterization was performed on a double Cs aberration 
corrected JEOL ARM-200CF, with a cold field emission gun (FEG) 
operated at 200 kV. The microscope is equipped with a 100 mm2 Cen-
turio EDS detector (covering a solid angle of 0.98 sr) and a Quantum ER 
GIF for dual EELS. STEM images were acquired with a semi-convergence 
angle of 27 mrad. Both EDS and EELS data were collected with a 110 pA 
beam current. A 67 mrad semi-collection angle combined with 0.1 eV/ 
channel dispersion, giving 0.7 eV energy resolution based on the full 
width half maximum of the zero-loss peak, were used in the presented 
EEL spectra. 

SCBED was performed in the TEM mode. This technique is an 
extension of CBED. Using the TEM deflection coils, the probe is scanned 
and CBED patterns are recorded from an area of the sample for every 
probe position, to provide spatially resolved structural information [18]. 
The measured probe size is less than 2 nm. The energy-filtered CBED 
patterns were collected using a custom DigitalMicrographTM script [19, 
20]. The advantage of SCBED is that it acquires multiple diffraction 
patterns, from which the best patterns can be selected for quantitative 
analysis of local structures. The energy-filtering (necessary to remove 
the inelastic background intensities) was performed by placing an en-
ergy selecting slit of 10 eV around the zero-loss peak. The electron beam 
acceleration voltage was calibrated using an experimental pattern 
collected from the GaAs substrate as described below. 

Quantitative structure factor measurements were done using the 
refinement method described by Zuo and Spence [21–27]. The inde-
pendent atom model obtained using Doyle-Turner atomic scattering 
factors [28] were used as the starting points for the structure factor 
refinement. In addition to the structure factors, parameters for local 

Fig. 1. Bright-field TEM image (a) and XRD spectrum (b) of GaNxAs1-x film grown on GaAs (001) substrate. A nitrogen molar fraction (x) of 1.0% is deduced from 
XRD based on Vegard’s law. 
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sample thickness and diffraction geometry were also refined. 

3. Results and discussion 

3.1. Material quality 

The quality of the MBE grown GaNxAs1-x epilayers was examined 
using both TEM and STEM imaging. Fig. 2 shows selected images ob-
tained from the three different samples. The 6.4%N (Fig. 2a) and 1.0%N 
(Fig. 2b) samples, both with a film thickness of 300 nm, had uniform 
GaNAs epilayers without observable defects at this resolution, while the 
500 nm thick film with the intermediate N concentration 2.4%N 
(Fig. 2c) was highly defective with misfit dislocations. This was also 
indicated by the broader peaks in the HRXRD patterns (not shown) from 
the 2.4%N sample. The misfit dislocations were introduced as a mech-
anism for strain relaxation. Such relaxations occur at a critical thickness, 
which we estimated to be between 300 and 500 nm for the 2.4%N 
GaNAs epilayers on GaAs. 

Fig. 2d shows a higher resolution HAADF-STEM image of a misfit 
dislocation. The dumbbell structure of GaAs along the [110] projection 
is clearly resolved. A stacking fault is observed at the dislocation core 
and marked in the image. The dumbbells near the core show a complex 
contrast, which is not atomically resolved, in contrast to similar defects 
obtained in compound semiconductors [29]. The more complicated 
dislocation core contrast suggests a possible effect of the N atoms. 

3.2. Evidence of change of lattice parameter in the GaNAs thin film 

Selected area electron diffraction was employed to examine the 
difference in the lattice parameter between the GaNAs thin film and the 
GaAs buffer layer. Fig. 3 provides an example, where the diffraction 
pattern was recorded from the circled area in 3b covering both the GaAs 
buffer and the GaNAs thin film for the sample with 6.4%N. The thin film 

normal direction is [001]. Along this direction, a split in the (004) 
diffraction spot is observed, while no splitting is observed for (220). The 
size of the splitting corresponds to a 1.2% change in the c lattice 
parameter, which demonstrates that the GaNAs film has a tetragonal 
structure. The lattice parameter along the growth direction is reduced in 
the film compared to the GaAs buffer when As is substituted by the 
smaller N atom. From the split, we found that the film has a lattice 
parameter of 5.59 Å, as compared to 5.65 Å for the pure GaAs. According 
to Vegard’s law, this indicates that the molar fraction x is around 0.03 
(3%N) in the 6.4%N sample, which is about half of the molar fraction 
deduced from the XRD measurements. The difference between the TEM 
and XRD measurements comes from the combination of two factors. 
First, electron diffraction measures a small sample region (~200 nm), 
whereas the XRD was carried out over a ~mm range. Second, electron 
diffraction was performed on a thin cross-sectioned TEM lamella, while 
XRD was done on the as-grown sample. Thus, the lattice constants found 
from electron diffraction could also be impacted by the thin-film 
relaxation effect. 

3.3. Evidence of compositional change in the GaNAs thin film 

The (002) structure factor is sensitive to the composition, according 
to 

F(002) = 4[fGa − (1 − x)fAs − xfN ], (1)  

where x = 0 in the GaAs buffer layer. For x ∕= 0, we assume a substitu-
tional occupancy of N at the As sites. 

Dark-field TEM imaging using the (002) reflection to form the image 
was done to check if this technique could image a compositional change 
between the GaAs buffer layer and the GaNAs thin film. Fig. 4 shows an 
example of a (002) dark field TEM image taken from the 1.0%N sample. 
The sample was tilted away from the [110] zone axis to the systematic 
row diffraction condition shown in Fig. 4a with the reflection (002) close 

Fig. 2. Film quality of GaNxAs1-x films for different N compositions and film thicknesses. (a) 6.4% N /300 nm (b) 1.0%N /300 nm (c) 2.4%N /500 nm. The 500 nm 
film contains both stacking faults and dislocations. (d) Shows a high-resolution HAADF-STEM image from one of the stacking faults found near the interface in the 
500 nm (2.4%N) thick film. The dislocation core is marked in the image. 
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to the Bragg condition. A small objective aperture was placed on (002) 
to form the image in (b). The contrast of the GaNAs film is observably 
darker than the GaAs buffer. This is further demonstrated by the line 
profile in Fig. 4c. In GaAs, |F(002)| = 4|fGa − fAs| which is reduced as the 
larger Z As atom is substituted by N (with a smaller atomic scattering 
factor). according to Eq. (1). The relatively uniform contrast in the low- 
resolution TEM image of Fig. 4 also suggests that the N distribution in 
the 1.0%N sample is relatively uniform at the tens of nm length scale. 
However, relating the TEM image contrast difference to the N amount in 
the film is difficult. 

3.4. Compositional analysis of GaNAs thin films using STEM/EELS/EDX 

STEM-EELS and EDS were performed to detect the presence of N in 
the GaNxAs1-x films. For this purpose, we selected the 6.4%N sample, 
which has the highest N concentration according to the XRD results. 
Fig. 5a and b show two ADF STEM images taken with semi-collection 
angles of 67 – 155 mrad and 155 – 470 mrad, respectively. The 300 
nm thick 6.4%N GaNAs film displays higher contrast than the GaAs 
substrate in Fig. 5a due to strain. The strained film also gives diffuse 
scattering that contributes to the signal in this image. The HAADF STEM 
image (Fig. 5b) shows similar contrast for both the GaNAs film and the 
GaAs substrate. 

EDS and EELS line scans were acquired across the GaAs buffer layer 
and the film. Each of the spectra in Fig. 5 is the sum of more than 100 
spectra in the line scan. Neither in the EEL nor in the EDS spectrum can 
any significant signal from N, compatible with the nominal composition 
of GaN0.064As0.936, be detected. In the EEL spectrum the position of the N 
K-edge is expected at an energy loss of 401 eV (marked by a red line in 
Fig. 5c). In the EDS spectrum the N K-peak should appear at 0.39 keV, 
between the minor carbon contamination peak and the oxygen peak 
from surface oxidation. The inset shows that these signals are very small 
compared to the signals from Ga and As L-peaks. However, the Ga:As 
peak ratio differs significantly between the substrate and the film. This is 
shown in Fig. 5e, where the As K-peak in the film is significantly lower 
than that in the substrate after normalizing the spectra according to the 
Ga K-peak. The peak normalization was performed by making the in-
tegrated intensities under the Ga K-peak equal in the spectra from the 
buffer layer and the thin-film. After peak normalization, the As L-peak 
shows a similar decrease as the K-peak, when it is compared to the GaAs 
buffer layer (inset in Fig. 5d). Quantification of the Ga:As peak ratio in 
the 300 nm GaNAs film gives a chemical ratio of 51.2:48.8, i.e. a 
chemical composition of GaN0.047As0.953 under the assumption that the 
chemical composition is stoichiometric between III and V type of atoms 
(i.e. we assume that there are no interstitials or vacancies). 

Thus, neither EDS nor EELS were able to give any clear signal from 

Fig. 3. Diffraction pattern (a) with corresponding BF-TEM image (b) taken from the interface between GaAs and GaNxAs1-x in the 6.4%N film. The SAED pattern is 
taken from an area covering the 300 nm in diameter circular region shown with a red circle in (b). The splitting is pointed out by the red arrow in (a) and corresponds 
to a 1.2% reduction in lattice parameter between substrate and film. The (004) and (220) reflections are pointed out by red arrows in (a) and shown in the insets. The 
splitting in (004) corresponds to a 1.2% reduction in lattice parameter between substrate and film. (For interpretation of the references to the color in this figure 
legend, the reader is reffered to the web version of this article.). 

Fig. 4. (a) Selected-area diffraction pattern from the 1.0%N film, tilted ~10◦ from the [110] zone axis, in a diffraction condition close to the systematic row. (b) 
Corresponding dark field TEM image formed using the (002) reflection. (c) Intensity line profile along the blue arrow in (b). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.). 
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nitrogen. As evidences of N are observed in both diffraction and dark 
field imaging experiments, the lack of signal can only be attributed to 
either the small inelastic scattering cross-section of N in the GaNAs films 
or the instability of N atoms under irradiation [30]. 

3.5. Refinement of N occupancy using quantitative scanning CBED 

With EDS and EELS being insensitive to the nitrogen in the GaNAs 
samples, we turned to CBED to quantify the N concentration through 
structure factor refinements. 

An accurate value of the electron acceleration voltage is needed for 
CBED refinement [31]. We therefore first performed pattern matching to 
determine the high voltage [32,33]. In this method the higher order 
Laue zone (HOLZ) patterns are filtered and matched with Bloch wave 
simulations to avoid errors due to dynamical effects. Fig. 6 shows the 
matching results for four different regions recorded using a large 

condenser aperture. The pattern was recorded from the GaAs buffer 
layer and the best match was obtained with a high voltage at 202.3±0.1 
kV, using a fixed GaAs lattice parameter of a=5.653 Å. This high voltage 
was used in the rest of the CBED experiments. 

Scanning CBED patterns were recorded using a 2D digital detector, in 
this case a CCD camera. Compared to CBED, which records one 
diffraction pattern for one probe position, SCBED collects the full 4-D 
data, in the form of two spatial coordinates, the (x, y) in the real space 
and the (kx, ky) in the reciprocal space. SCBED differs from scanning 
electron nano-diffraction (SEND) [18,34] by the beam convergence 
angle, which is larger for SCBED. 

Fig. 7 shows an example of a SCBED experiment for the 6.4%N 
sample. The CBED patterns were acquired from a rectangular sample 
region of 30×300 nm2 across the GaNAs film in a 10×100 pixel scan 
with a step size of 3 nm. Fig. 7a–c show the virtual BF, DF (002), and DF 
(004) images [35], reconstructed from the SCBED dataset across the 

Fig. 5. Dark field STEM, EELS and EDS characterization of the 6.4%N sample. (a) ADF image recorded using semi collection angles between 67 and 155 mrad, (b) 
HAADF image using semi collection angles of 155-470 mrad. (c) and (d) are the averaged EELS and EDS spectra within the thin film. (e) Comparison between the 
average Ga and As K-peaks in the EDS spectrum. 
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entire GaNAs film. The SCBED dataset was analyzed using correlation 
grouping, where patterns with high correlation coefficients are grouped 
together and averaged [18]. Fig. 7b shows one selected experimental 
CBED pattern averaged from region B in (a). As explained in the method 
session, the patterns were energy-filtered using the GIF setup. 

The quality of the CBED patterns indicates good crystallinity of the 
film, but the HOLZ lines, which appear in the simulated patterns, are not 
observed in the experimental patterns, indicating a large static Debye- 
Waller factor in the N-containing film [36,37]. From the SCBED data-
set acquired across the film, we also noticed a change in the rocking 
curve fringes in the (004) disk, as well as inhomogeneous intensity 
variations in the (002). These features indicate a gradual thickness 
change of the TEM specimen and possibly local inhomogeneities in N 
concentration, respectively. The intensity variations of the (002) disk 
can also be seen from the DF (002) image reconstructed from SCBED 
dataset (Fig. 7a). 

The information provided by CBED is the intensity versus Sg (devi-
ation from the Bragg condition), or rocking curve information, which 
can be used for quantitative structure factor measurements [21–27]. 
CBED is known for its accuracy for structure factor determination, 
however, most CBED work has been carried out on bulk crystals where 
inhomogeneities are small or negligible. The SCBED method allows us to 
acquire high quality CBED patterns from relatively inhomogeneous 
materials, such as thin films. 

To see if the relative amount of N can be directly determined from 
the CBED intensities, we performed quantitative CBED pattern refine-
ment on data from the GaNAs films. N partial occupancy was the only 
structural parameter that was fitted, the other parameters used in the 
fitting were the local sample thickness and the diffraction geometry. The 
electron high voltage was set to the calibrated value of 202.34 kV. The 
refinement assumes a total occupancy of 1 for Ga at the anion site and N 
substitution for As. 

We note that the largest discrepancy between experimental and 
simulated CBED patterns are caused by the geometric distortions, which 
come from the image corrector and the post-column GIF. To circumvent 
this, we took intensity line profiles for QCBED fitting mostly along the 
systematic row direction. The second discrepancy is the weaker contrast 
of deficient HOLZ lines in the experimental (002) disk, as discussed 
before. We circumvented this by taking line profiles in the (002) disk 

from regions away from the HOLZ lines. 
Fig. 7c and d show the refinement result for the 6.4%N sample. 

Fig. 7c had the best match with the experimental pattern in Fig. 7b and 
gave a N concentration of 4.7%. We also fitted other CBED patterns in 
the SCBED dataset separately, and the QCBED fitting results gave ni-
trogen concentrations that varied between ~2 and 6%, with an average 
value of ~3.5%. Thus, the SCBED measurements of the 6.4%N indicated 
a N concentration lower than the value obtained from HRXRD. 

3.6. Refinement of the (002) structure factor in GaNAs 

The CBED refinements described in the previous section assumed a 
full occupancy for the anion site (e.g., the composition of the thin film is 
GaNxAs1-x). However, in real films, there is a possibility of vacancies at 
the As sites as a result of the N incorporation. To check for this possi-
bility, we refined the (002) structure factors directly from the acquired 
CBED patterns. For this purpose, we selected the 1.0%N sample, which is 
of high structural quality. We included both (002) and (004) structure 
factors in the refinement, since the F(002) is the most sensitive to N 
concentration changes according to Eq. (1), while the F(004) is rela-
tively insensitive to small changes in N composition according to 

F(004) = 4[fGa +(1 − y)fAs + xfN ] (2)  

where y is equal to x plus the As vacancy percentage, (1-y) specifies the 
As composition and x corresponds to the N substitution on As sites. 
When x=y there are no vacancies. Because of this, the (004) CBED disk 
can be used to determine the sample thickness as well, which is required 
to quantify the (002) disk diffraction intensity and the measurement of F 
(002). 

Fig. 8 shows the QCBED analysis of the 1.0%N film for structure 
factor refinement. Fig. 8a is an experimental CBED pattern from the 
SCBED dataset acquired at an orientation of ~5◦ tilted away from the 
[110] zone axis. To refine this pattern, we first assumed a tetragonal 
distortion along the c-axis, then the lattice parameters (a, c) were refined 
based on the HOLZ lines recorded in the (000) disk using the same 
method that was used for high voltage determination. The lattice 
parameter refinement gave a=5.6537 Å and c=5.6475 Å, corresponding 
to a 0.11% tetragonal strain. 

The electron structure factors U(002) and U(004) were refined next 

Fig. 6. TEM high voltage calibration using QCBED. (a) An experimental energy-filtered CBED pattern of GaAs near the [220] zone axis. The blue boxes are regions 
marked for refinement. (b) High voltage refinement results by comparing the experimental HOLZ lines (XP), calculated HOLZ lines (FIT), and their difference image 
(DIF). The high voltage was determined as 202.3±0.1 kV. ( For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.). 
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by comparing intensities along the marked red lines in Fig. 8a. The best 
fitting result is shown in Fig. 8c, where the experimental intensity is 
plotted in red and the fitted intensity in black. We then repeated the 
measurement at 10 different electron probe positions. The obtained 
refinement results for U(002) are listed in Table 1 together with the 
conversion to the X-ray structure factor F(002) and the calculated F(002) 
using the following partial occupancy model 

F(002) = 4[fGa − (1 − y)fAs − xfN ] (3)  

where we have considered two models, i) y = x assumes that N is purely 
substitutional into As sites while ii) y = x+0.01, accounts for 1% As 
vacancies. The Doyle-Turner atomic scattering factors were assumed in 
the calculations [28]. The bonding effect lowers the F(002) value of 
GaAs by 5% according to Zuo et al. [24]. The average value of F(002) 
from CBED refinement of the GaNAs is 3.22 e per unit cell, compared to 
the F(002) value of 5.4 e per unit cell for GaAs. The effect of tetragonal 
distortion changes F(002) by ~0.03 e per unit cell, which is even 
smaller. Thus, chemical composition is the dominant factor here. 

From Table 1 the average N occupancy is 2.5% if we assume the full 
occupancy model (y = x, with x averaged to 0.025). This is unrealistic, 
since the N concentration as deduced from HRXRD is only 1.0%. From 

our measurement of N occupancy in the 6.4%N sample presented above, 
the actual occupancy is lower than the value deduced from HRXRD. The 
amount of N measured at ~3.5% in the 6.4%N sample is also lower than 
the 4.7%N estimated from the QCBED analysis using the full occupancy 
model. 

The discrepancy here suggests the presence of As vacancies. To check 
for this possibility, we calculated F(002) with the N occupancy of x =
0.01. To match the F(002) obtained from QCBED, 1% As vacancies is 
then required, i.e. y = 0.02. The structure factor F(002) is more sensitive 
to As vacancies than N occupancy, because of the larger atomic scat-
tering factor of As compared to that of N. Thus, a small variation in N 
content will not significantly change the estimate of As vacancies. 

The fluctuations in the F(002) values obtained at different locations 
in the thin film are relatively small with a variance of 0.04 or sigma =
0.2, which is less than 10% of the measured F(002) values. These fluc-
tuations also include measurement errors due to film inhomogeneities, 
which impact the quality of the CBED patterns and thus the refinement 
results. Nonetheless, the small variance indicates that this effect is small. 
Thus, the results here represent a direct evidence of N occupancy and of 
N induced As vacancies in the GaNAs thin film. 

The above results suggest a significant amount of As vacancies in the 
GaNAs thin films. The impact of such disorder in the as-grown material 
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Fig. 7. CBED intensity refinement for the 6.4%N 
sample. (a) Virtual BF, DF (002), and DF (004) recon-
structed from the SCBED dataset across the entire 
GaNAs film, with a scanned area of 30×300 nm2. (b) 
The selected experimental CBED pattern from region B 
in (a), (c) Corresponding simulated CBED pattern after 
refinement. (d) The intensity line profile of the simu-
lated (black) with the experimental (red) line profiles 
taken from (b). (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
web version of this article.).   
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on electron beam radiation effects is in general not well studied. There 
are two possible outcomes of the As vacancies. Firstly, the impurity- 
vacancy defect complex modifies the bonding energy of N and thus 
impacts on the knock-on damage threshold [38]. Secondly, As vacancies 
can act as traps for displaced N atoms. The lack of STEM-EELS and 
STEM-EDX signals, which typically are performed at a relatively high 
electron dose, and the stability of the sample under the lower dose 
conditions for electron imaging and diffraction, suggest that both factors 
are in play for GaNAs. 

4. Conclusions 

In summary, we have presented STEM-EELS/EDS and SCBED results 
from different GaNxAs1-x films to determine the N concentration in these 
films. Both in TEM and in STEM, the films gave different contrast than 
the pure GaAs buffer. However, neither EDS nor EELS were able to give 
any signal from nitrogen, in conflict with the fact that HRXRD indicated 
the presence of N. The average Ga and As L- and K-peaks in the EDS 
spectrum from the substrate and the film clearly showed that the relative 
amount of As compared to Ga was less in the GaNAs film than in the 
GaAs substrate. In contrast to the lack of N signal in EELS and EDS from 
the GaNAs films, CBED refinements of the F(002) structure factor gave 

direct evidence of N occupancy and As vacancies. The measurements 
were enabled by the electron energy-filtered scanning CBED technique. 
Based on the CBED results, we attributed the missing N signals in EDS 
and EELS to the electron beam irradiation effect in the presence of As 
vacancies. Together, these results demonstrate a sensitive method for 
the determination of atomic composition in crystalline thin films based 
on quantitative electron diffraction. 
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Fig. 8. CBED structure factor refinement for the 1.0%N sample. (a) An experimental energy-filtered CBED pattern acquired at an orientation of ~5◦ tilt away from 
the [110] zone axis, and (b) the corresponding simulated pattern after refinement. First, assuming a tetragonal distortion along the c-axis, the lattice parameters (a,c) 
were refined using the HOLZ lines as a=5.6537 Å and c=5.64745 Å, corresponding to 0.11% strain. The structure factors of U(002) and U(004)were then refined, and 
the intensity fitting result shown in (c). The red lines in (a) indicate the intensity line profiles used for QCBED fitting. The red and black curves correspond to intensity 
line profiles of the experimental and refined simulated line profiles, respectively. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.). 

Table 1 
List of the N content and the (002) structure factors (Ue for electrons and Fx for X-rays). The electron and X-ray structure factors can be converted using the Mott 
formula. For retrieving the nitrogen occupancies, a tetragonal cell and two models were used. The first model assumes the pure substitution of N at As sites, i.e., the 
occupancies occN + occAs = 1. The second model allows for some vacancies where occupancies occN + occAs < 1. The right two columns list an example having 1% 
vacancies.  

QCBED runs U_002e (Å-2) R-factor N% (substitutional) F_002^X (electrons per unit cell) N% (1% vacancy) F_002X (electrons per unit cell) 

Cubic GaAs 0.4438E-02 – – 5.416 – – 
Tetragonal GaAs 0.4385E-02 – – 5.384   
Tetragonal Ga0.98%NAs 
1 3.74000E-03 8.80 2.40 3.32 0.95 3.52 
2 3.71000E-03 6.80 2.50 3.22 1.10 3.42 
3 3.73000E-03 8.80 2.40 3.303 0.97 3.502 
4 3.56700E-03 6.90 3.00 2.788 1.60 2.987 
5 3.64300E-03 6.50 2.80 3.024 1.30 3.223 
6 3.69200E-03 6.80 2.60 3.178 1.10 3.378 
7 3.67700E-03 6.80 2.60 3.132 1.10 3.331 
8 3.75100E-03 5.70 2.40 3.363 0.90 3.562 
9 3.80400E-03 6.10 2.20 3.527 0.71 3.726 
10 3.76600E-03 5.0 2.30 3.409 0.85 3.608 
Average 3,708E-03 +-6,4237E-05 6.80 2.50 3.227 1.10 3,4+-0,2  
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