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Abstract

Diffusion at the AIN/Aly3GaosN interface was investigated by X-ray diffraction, high-angle annular
dark field scanning transmission electron microscopy and energy-dispersive X-ray spectroscopy.
AIN/Aly3Gao 7N superlattices (SLs) have been grown at 800 °C on (111) silicon substrates by ammonia-
assisted molecular beam epitaxy. Annealings on a 5-pair SL, carried out at the growth temperature in an
ammonia-based atmosphere from 1h to 115h, show the occurrence of a diffusion process illustrated by
the increase of the interface layer thickness. The cation interdiffusion is found to be weakly
concentration-dependent while it seems to be more strain-dependent. The mean diffusion coefficient
value determined in this study at the AIN/Alo3GaosN interface is about 6x108 cm?/s at the growth
temperature. The effect of the unintentional annealing of buried layers during long growth runs is
exemplified on a 45-pair SL. The measurement of the actual composition profile along the growth
direction shows the formation of an unintentional AlGaN graded layer of intermediate composition at
each interface. The thickness of each of these interfacial layers is found to decrease along the SL growth
direction, pointing towards the influence of the overall time spent at growth temperature as a determining

parameter.
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1. Introduction

The presence of an unintentional interface layer has been reported for thick AlGaN layers grown by
metalorganic chemical vapor deposition (MOCVD) directly on sapphire substrate [1,2] or on various
nitride layers [3]. Such interface layers have also been observed in AIN/AIGaN Distributed Bragg
Reflectors (DBRs) grown by plasma assisted molecular beam epitaxy (PA-MBE) [4] and MOCVD [5,6].
The presence of these unintentional interface layers was attributed to the stress-induced composition

pulling effect.

Chemical diffusion is another well-known phenomenon that can lead to an interface layer. So far
few studies have dealt with cation interdiffusion in the GaN/AIN system: during MOCVD growth at
1100 °C [7] and after annealing at temperatures going from 1000 °C to 1700 °C [8-10]. Based on these
studies a set of diffusion coefficients were reported in the literature, but the estimated values spread over
a wide range and are not consistent with each other, even if their temperature dependence is taken into
account. In Aloo3Gao.o7N/AIN superlattices (SLs) a D value of 7x102° cm?/s has been reported at 1000
°C [8] and a D value of 1.3x10"Y cm?/s has been extracted from experiments in AloosGaoosN/GaN
quantum well structures annealed at 1500 °C [9]. While a D value as high as 10" cm?/s has been

determined for Alo.02Gao.ssN/GaN and AIN/GaN structures annealed at 1100 °C [7].

X-ray diffraction (XRD) is very sensitive to the structure and the chemical composition of the
materials. Moreover, SLs have two advantages for studying interdiffusion using XRD: the first is
obviously the increase of the intensity diffracted by the set of interface layers compared to a single
interface; the second is related to the characteristic shape of the SL XRD diagram. Indeed, for reflections
along the growth axis, each reflection generates a periodic group of peaks named satellite peaks. The
gap between two consecutive satellite peaks is determined by the thickness of the SL period, the position
of the peak group is fixed by the SL strain and mean chemical composition, and the relative intensity of
each satellite peak is determined by the chemical composition profile of the SL period. A single SL
XRD diagram thus allows to dissociate several competing mechanisms potentially involved in the

diffusion process.



In this work we show the appearance and evolution of the interface layer by studying a 5-pair
AIN/AIGaN SL grown by NHs-assisted MBE at 800 °C and subsequently annealed at the growth
temperature in an ammonia-based atmosphere from 1 to 115 hours. The SL period composition profiles
are determined by the simulation of the 26-w scans of the (0002) symmetric reflection. The study of the
variation of the composition profile with annealing enables to extract the interdiffusion coefficient of Al
and Ga at the AIN/AIGaN interface at 800 °C. The variation of the concentration-dependent
interdiffusion coefficient with the annealing time seems to indicate that the interdiffusion process is
mostly strain-dependent. Then we illustrate the importance of the interdiffusion occurring at growth
temperature on a functional structure: a DBR made of 45 pairs of AIN/AIGaN grown by NH3-assisted
MBE at 800 °C and whose growth lasts about 24 hours. The DBR period composition profile as well as
its variation along the growth axis are determined by XRD and high-angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) coupled to energy-dispersive X-ray spectroscopy
(EDX) analysis. The variation of the composition profile along the growth axis clearly demonstrates the

impact of the unintentional annealing of the buried DBR layers during the growth of the following pairs.

2. Experimental procedure

The (AIN/Aly3Gao7N)s SL structure was grown on (111) silicon substrate at 800 °C by NHs;-MBE
in a Riber Compact 21 growth reactor. Targeted thicknesses of AIN and Alo3GaosN layers were 42 and
37 nm respectively. The total growth duration of the 5-pair SL was about 3 hours. Then the 5-pair SL
was annealed in the MBE reactor from 1 to 115 hours. The annealing conditions are the same as those
used when growing the SL: at 800 °C and under an ammonia equivalent pressure of 10° Torr. After
each annealing the sample was studied by XRD. The (AIN/Aly3Gao7N)ss DBR structure was grown
under the same growth conditions than the 5-pair SL structure, keeping the same layer thicknesses and
Al content. In order to avoid the formation of cracks, the epitaxy was performed on silicon substrates
structured in 400x400 pm? mesas [11]. The epitaxial structure consists in a 300 nm AIN buffer layer,

followed by 45 pairs of AIN and AlosGao 7N layers grown at 800 °C, and ended by a 400 nm-thick GaN



optical cavity. The total growth duration of the 45-pair DBR is about 24 hours. The threading dislocation
densities determined at the surface of the stack by atomic force microscopy (resp. on plane view STEM
images) are in the range of 1.10%° cm? (resp. 3.10%° c¢cm). From cross-sectional STEM images the

dislocation density at the bottom of the structure can be estimated about 5 times higher.

The aluminum content profiles are determined from 26-w scans of the (0002) symmetric reflection
measured with an analyzer crystal before the detector in a Malvern Panalytical X'Pert PRO MRD four-
circle diffractometer. These scans have been simulated with the Malvern Panalytical Epitaxy software.
X-ray reciprocal space maps of the (2024) asymmetric reflection have been recorded without analyzer

because of the low diffracted intensities.

Interface layers have been also observed by HAADF maps: STEM lamellas were prepared using
focused ion beam (FIB) etching from the (AIN/Aly3Gao7N)ss DBR. STEM/TEM cross-sectional
observations coupled to EDX analysis were performed with a FEI Titan Themis 200 microscope
equipped with an aberration corrector on the probe (STEM mode), and a Super-X windowless four-
guadrant silicon-drift EDX detector with a solid angle larger than 0.7 srad. The spatial resolution of the
EDX point measurement is about 2 nm. In the atomic percentages calculations, the Cliff-Lorimer model
for the correction of the absorption was used, and the k-factors of the K, emission lines were fixed from
separate measurements on thick epitaxial AIN and GaN standard samples. The STEM lamella thickness
was fixed to its nominal value of (80 + 10) nm, and the material average density was fixed to (5 + 1)
g/cm 3. The corresponding uncertainty in the calculated Al% is estimated to be between +1% and +2.5%

for Al contents close to 100% and 30%, respectively.

3. Results and discussion

3.1. Characterization of the diffusion process

3.1.1. Interface layer evolution



The development of a graded interface during the annealing of the (AIN/Alo3Gao7N)s structure is
clearly visible on the X-ray reciprocal space maps of the (2024) reflection, which have been recorded
systematically for a series of annealing durations (Fig. 1). The “AG” sample corresponds to the as-grown
sample and the “nh” samples correspond to this 5-pair SL after n hours of annealing. The symmetry of
the structure imposes biaxial strain, which enables to extract Al content values in the AlGaN alloys
considering the strain relation ¢,, = —2¢&,, C;3/C33 and using Vegard’s law. The stiffness coefficients
Ci3 and Css used are those calculated by Wright and al. [12]. The highest (resp. lowest) Qz peak in the
maps correspond to AIN (resp. Alo32GagesN), while the intermediate peak has to be attributed to a graded
layer appearing during annealing. Clearly, after each annealing the graded layer intensity increases,
indicating an increase of its thickness. At the same time, the mean Q; value of the graded layer decreases
with annealing time, showing a mean Al content varying from about 80% after 4 hours of annealing to

about 65% after a 115 hours anneal.

3.1.2. Al content profile

To follow up quantitatively the evolution of the interface layer composition profile with the
annealing duration, the 26-w scan of the (0002) reflection was measured and simulated for each
annealing duration. For the sake of clarity, Fig. 2(a) presents only the measured 26-w scans for the as-
grown sample (blue line), the 14-hour (green line) and the 115-hour (red line) annealing with the
corresponding simulations (black lines). The period thickness 4 =82.3 nm determined from these
simulations does not vary upon annealing. The deduced period composition profiles of the as-grown and
of all the annealed samples are shown in Fig. 2(b). The AlGaN layer contains 32% of Al and the AIN
layer is a pure binary as previously measured on the (2024) RSMs. The shape of the composition profile
presents two discontinuities at the borders of the interface layer. While these discontinuities are not
expected within a standard diffusion picture, they represent the linear fits giving the smallest standard

deviations for all our samples. Besides, they are consistent with the EDX analysis of the 45-pair sample



discussed further, which shows an abrupt change in the slope of the composition gradient. It is noticeable

that the AIN layer thickness decreases faster than that of the AlGaN layer during the annealings.

The thicknesses of the three layers building each SL period, deduced from the fits are presented in
Fig. 2(c) as a function of annealing duration. The AlGaN (resp. AIN) layer thickness variation has been
fitted (dotted line) with an exponential curve decreasing asymptotically towards 21 nm (resp. 12 nm).
Note that the logarithmic fit (red dotted line) of the interface layer thickness falls down to zero at about
-3 h, suggesting that a non-vanishing interface layer thickness exists just after the growth of each

AIN/AIGaN pair.

3.1.3. Diffusion coefficient

Few studies have been done to determine the cation interdiffusion coefficient values in the GaN/AIN
system. To our knowledge, all these works use the concentration-independent interdiffusion

approximation. The diffusion coefficient can be determined from Fick’s second law:

a
a—f = V(DVC). 1)

If we consider that the diffusion coefficient D (T') depends only on the temperature, then the composition

profile can be written as an error function and the diffusion length Lo is defined as [13]:
Lh = 4D(T)t + Ly, (2)

where t is the annealing duration and Lp is the initial interface layer thickness, obtained from the

intercept at t = 0.

From our profile we can estimate the diffusion length Lp as half of the interface layer thickness. The
squared diffusion length against the annealing duration is plotted in Fig. 3(a): as the trend is not linear,
we cannot determine a unique value of the diffusion coefficient at 800 °C. Until 4 hours of annealing,
the D value is at (8.3+2.4)108 cm2.s? (red dashed straight line), whereas between 40 and 115 hours of

annealing the extracted D value decreases to about (2.3+0.9)108 cm2.s* (blue dashed straight line).



Therefore, the diffusion coefficient in this AIN/Alo3Gao 7N SL does not only depend on the temperature.
If the chemical composition during diffusion varies over a certain concentration range, then diffusing
particles will experience different chemical environments and hence different diffusion coefficients.
Thus, the diffusion coefficient can also be concentration dependent [14]. Fick’s second law for

interdiffusion in one dimension can be written then as:

ac _ 82c  dD (T,C) [(3C\2
2 =DT.OFz+ (5:) ®)

[é] dc 0z

with D(T,C) = DO(T)e“(T)C, where C is the Al concentration. Consequently, at T =800 °C, Dy is the

diffusion coefficient of Al in pure GaN and D, e* that of Ga in pure AIN.

At a given temperature, Eq. (3) becomes:

% _p gac[P2C o (9C)?
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This equation was integrated numerically using ‘;—t ~ . with 4z =0.5nm and A4t =2 min.

Figure 3(b) compares the XRD composition profiles (continuous lines) and the numerical solutions of
Eq. (4) (dashed lines) for two Do values. For the purpose of comparison, the composition profiles of Fig.
2(b) are represented in Fig. 3(b) by their best sigmoidal fits. For the sake of clarity, only the as-grown
and the 4h, 14h, 40h, 115h samples are presented. The « value is 0.2 for both cases to fit the position of
the highest slope; this positive o value means that the Ga®* cations diffuse faster in the AIN layer than
the AI®* cations in the AlGaN layer. Therefore the diffusion activation energy seems lower for Ga** than
for AI** in wurtzite nitride structures, which might be related to the stiffest bonds of AIN compared to
GaN. The concentration-independent interdiffusion approximation is acceptable in view of the low
concentration dependence found in this work. Indeed, the « value of 0.2 obtained for our AIN/AIGaN
SL at 800 °C is low compared to the one found in GaAs/AlAs multilayers [15] of 2.06 at 860 °C, pointing
towards a smaller chemical composition dependence of the diffusion coefficient in the AIN/AIGaN
system than in the GaAs/AlAs one. The diffusion coefficient values D reported in the literature for the
GaN/AIN system spread over a wide range, from 7x10% to 1014 cm?/s, and are not consistent with each

other, even if the temperature dependence is taken into account. In our work, the mean D value is about



6x 108 cm?/s for AIN/Alo3GagsN SL. Indeed, for Do=4.5x108 cm2.s? (top graph on Figure 3(b)) the
interface layer profile is well fitted for the 115h annealing time but not for the other annealing durations.
In the same way, for Do = 8.2x108 cm2.s? (bottom graph on Figure 3(b)) the best fit of the composition
profile is obtained for the 4-hours annealing time. The different D, values obtained after 4 hours and
115 hours of annealing might mean that the diffusion is not only temperature and chemical concentration

dependent.

The atomic mechanisms of diffusion in semiconductors are closely connected with defects. For
GaAs based materials it has been shown that the diffusion is controlled by the concentration of vacancies
[15-19]. In GaN based materials, the effect of linear defects, namely dislocations, on the diffusion
process has also to be taken into account. The diffusion path of an atom in nitrides combines slow
diffusion processes via vacancies and short circuit processes via dislocations [9]. Even if it is generally
accepted that the strain can affect the crystal point defect density, the relation between strain and vacancy
density in nitrides is not well known. It has been theoretically predicted that the cation vacancy
formation energy should weakly decrease in GaN and AIN when applying a hydrostatic pressure [20],
but the result under epitaxial strain could be different. The dislocation density evolution with strain has
been the object of numerous studies and annealing is widely used to reduce the dislocation densities in

AIN thin films [21-23].

3.1.4. Strain evolution

To evaluate if the interdiffusion is linked to the strain variation, the mean a lattice parameter
has been determined as a function of annealing duration. The a value of the 115h sample was extracted
from the (2024) reciprocal space map recorded with a crystal analyzer. As the other RSMs were recorded
without a crystal analyzer, the a values determined from these RSMs are not accurate enough. Therefore,

considering a biaxial strain, the a lattice parameter values was determined from:

c
a = aysn (1 + ﬁfc), (%)



where a5y is the in-plane lattice parameter of the 115h sample, C;3; and (55 are the stiffness
coefficients of the AlgssGao31N alloy corresponding to the SL mean composition. &, is the out-of-plane
deformation relative to the 115h sample and it is the opposite to the relative variation of the reciprocal
vector Q determined from the most intense peak of the SL (0002) reflection (34.9°<26<35.0° in
Fig. 2(a)). Importantly, the Q value only depends on the strain if the mean composition of the SL does

not change after the annealing, which is the actual situation.

Due to the thermal coefficients mismatch between nitrides and silicon, GaN and AIN layers
grown on (111) silicon substrates undergo a tensile stress at room temperature after the cooling down
from growth temperature [24-26]. Besides, grain coalescence during the early growth stages already
introduces a tensile stress contribution [27,28]. This can explain the mean tensile strain (averaged over
the whole SL) measured on the as-grown 5-pair SL (Fig. 4), even if the AIN and AlGaN layers are
individually in tensile and compressive strain, respectively. Indeed, the in-plane lattice parameter of the
SL equivalent alloy fully relaxed at growth temperature, and then tensely strained by the silicon substrate
during the cooling down, is a (AlogsGao21N) = 3.142 A at room temperature (see Table I). More in detail:
first a drastic drop can be seen between the as-grown sample value and the lh-annealed one (black
dashed straight line). From then on, the in-plane lattice parameter variation can be fitted (red dashed
line) with an exponential curve decreasing asymptotically towards 3.1445 A, which corresponds to the
115h-annealing value. It is noticeable that this in-plane lattice parameter value is just slightly higher
than that of the SL equivalent alloy fully relaxed at growth temperature, which seems to point towards
a relationship between the overall strain and the interdiffusion process. Taking into account the thermal
expansion coefficient of silicon, the 5-pair SL mean in-plane lattice parameter value varies, at 800 °C,
from 3.157 A after growth to 3.152 A after the 115-hour annealing (see Table I), corresponding to a
decrease of the mean tensile strain from 0.24% to 0.08%. In the same time, the diffusion coefficient

decreases by about 50%.



TABLE I. In-plane lattice parameter values, at the growth temperature and after the cooling down on

the Si substrate, of the 5-pair AG and 115h samples, and the SL equivalent alloy fully relaxed at growth

temperature.
5-pair SL 5-pair SL Al gGa N
a(A)
AG sample 115h sample relaxed at 800 °C
At 800 °C 3.157 3.152 3.149
At 25°C 3.150 3.144 3.142

It is important to note that by performing the annealing of the 5-pair AIN/Alg3GaosN SL, we
have shown that the interdiffusion of Al and Ga atoms occurs in this type of structure even at a

temperature as low as 800 °C.

3.2.Interface layer in distributed Bragg reflectors

In this part, we illustrate the effect of the Al/Ga interdiffusion during the growth of a functional
structure: a DBR made of 45 pairs of AIN/AIGaN grown by NHs-assisted MBE at 800 °C during about
24 hours. This long growth duration leads to an unintentional annealing of the underlying pairs during

the growth of the following pairs.

3.2.1. HAADF-STEM and EDX analysis

A general view of the (AIN/Alo3Gao7N)ss DBR is shown in Fig. 5(a), where the chemical contrast
of the HAADF map enables to discriminate each individual DBR pair, as well as the bottom AIN buffer
layer and the top GaN cavity layer. Interfaces seem sharper within the top pairs than within the bottom
ones, which is confirmed in Figs. 5(b)-(c) at a larger magnification. Besides the abruptness of the

interfaces, a HAADF map of the first periods grown on top of the buffer AIN layer (Fig. 5(b)) shows
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that the interface layer, with the intermediate Al composition, is the thickest layer among those building
each AIN/AIGaN pair. More accurately, a four-layers stacking can be observed on these first periods,
with a thicker interface layer at the AIN-on-AlGaN interface and a thinner one at the AlGaN-on-AIN
interface. On the other hand, the last periods of the DBR (Fig. 5(c)), i.e. those in contact with the GaN
cavity, show a three-layers stacking with a thin interface layer at the AIN-on-AlGaN interface only,

whereas the AlGaN-on-AlIN interface is much sharper.

The fact that the interface layer after the AlGaN is thicker than that after the AIN can be explained
by the segregation of Ga atoms at the growth surface [29], some of which stay on the surface and act as
an excess Ga during the AIN layer growth, contributing to a thicker interface layer. The strain state
difference at the bottom and the top of the AIN layers can also affect the diffusion. Indeed, the AIN
bottom atomic monolayers are strained on the AlGaN layer whereas the AIN top atomic monolayers are
more relaxed. As AIN has stiffest bonds compared to AlGaN, the AIN layers accumulate more strain

and thus have more impact on the diffusion process.

The composition profiles of the bottom and top periods have been determined by EDX linescans
parallel to the growth direction (Fig. 6). Averaged spot measurements have also been performed in the
AIN buffer layer, and in the GaN cavity layer, exhibiting pure binary compositions. For an easier
comparison, the EDX profiles of the 1%t and 2" (blue line) DBR periods as well as those of the 44" and
45" (red line) DBR periods have been superimposed in Fig. 6. The last two top periods of the DBR
exhibit a quasi-step profile, whereas the first two bottom periods of the DBR show a thick interface layer
at the AIN-on-AlGaN interface and a thin interface layer at the other one, as observed in the HAADF
images. At the bottom periods, where the diffusion is maximum, the EDX profile shows the largest
composition gradient slopes near the AIN and AlGaN interfaces, consistent with the discontinuous
profiles determined with XRD. It can be noted that the Al content difference in the AlGaN layers
between the bottom (~39%) and the top (~32%) periods is slightly higher than the Al content uncertainty

and, therefore, meaningful.
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3.2.2. X-ray diffraction

Figure 7(a) shows the (2024) asymmetric reflection of the 45-pair DBR. The lowest Q, peak
corresponds to the GaN cavity while the intensity of the AIN buffer peak is too low to be discriminated
from the AIN DBR peaks. Two black crosses indicate the theoretical positions of bulk GaN and AIN
reflections. The three aligned peaks in Q. come from the DBR and correspond to a mean in-plane lattice
parameter value of (3.1460 + 0.0015) A at room temperature. The Q, values of these three peaks
correspond to out-of-plane lattice parameters of 4.960 A, 5.017 A and 5.133 A (+ 0.002 A) at room
temperature. The biaxial strain relation enables to extract Al content values in the AlGaN alloys of

97.5%, 76.5% and 32.0% (* 1.5%) for AIN layer, the interface layer and the AlGaN layer, respectively.

Figure 7(b) shows the measured (black line) 26-» scan of the (0002) reflection of this DBR: the
lowest angle peak is the one of the GaN cavity layer, whereas all other peaks are typical satellites peaks
of a superlattice and, therefore, originate from the (AIN/Alo3Gao7N)ss DBR. Again, the AIN buffer layer
peak is too weak here to be seen and hidden by the superlattice peaks. The thickness of the SL period
(4 =76.8 nm) has been determined from the spacing between two consecutive satellite peaks. These
peaks can be grouped into three classes: for 20 < 35.1° (resp. 26 > 36.0°), the relative intensities are
mainly influenced by the thickness and the composition of AlGaN (AIN) layer, while between these
angles the simulated relative intensities depend mainly on the presence or absence of an interface layer
in the modeled DBR. Figure 7(c) shows three simulated aluminum concentration profiles in the DBR
period. The “step” profile (red line) is made of a 36.0 nm thick Alys2GagesN (AlGaN) layer and a
40.8 nm thick Alogo7GaoosN (AIN) layer, without any interface layer. The “1t SL” (resp. “2™ SL”)
profile, blue line (resp. dark yellow line), contains a 20 nm (resp. 40 nm) thick interface layer. It can be
clearly seen in Fig. 7(b) that the absence of an interface layer results in relative peak intensities that are
too low (red line), while much better agreement between simulation and experiment is obtained when
introducing an interface layer (blue and green lines). However, if the interface layer employed in the
simulation is the same along the entire DBR thickness, the simulated curve does not reproduce the
double-peak structure clearly seen in several intermediate satellites (see blue curve in the insert of Fig.

7 (b)). In fact, the best fit is achieved when using two different interface layers (whose composition

12



profiles are shown in Fig. 7(c)) distributed as follows along the DBR growth direction: the first 1/5 DBR
thickness is simulated employing the “2" SL” (dark yellow concentration profile), with a mean a lattice
parameter of 3.134 A, while the last 4/5 DBR thickness is simulated employing the “1 SL” (blue
concentration profile), with a mean a lattice parameter of 3.145 A (see Table I1). This indicates that both
the strain and the concentration profile undergo a strong variation along the growth axis. Due to the
strain state of each SL profile, we can associate the “2" SL” to the bottom part of the DBR, directly
deposited on the AIN buffer (which imposes a compressive strain on the layers deposited just on top of
it). Interestingly, if we do such an association (solely based on the strain state), it turns out that the
thickness of the interface layer is much larger (40 nm instead of 20 nm) for the first DBR pairs than for

the last ones, consistent with the HAADF-STEM measurements described before.

The Al concentration profiles determined by EDX at the AIN/AIGaN interface of the 2" and the
44" periods of the DBR are reported in Fig. 7(c) for comparison. EDX and XRD profiles have been
determined independently and both exhibit the same shape. Obviously the interface layer of the “15t SL”
XRD profile, representing the mean of the top 4/5 DBR thickness, is broader than that of the 44" period.
It should be noted that the second interface layer seen on the HAADF maps at the AlIGaN/AIN interface
has been considered too in the XRD simulations, but clearly the (0002) reflection is not sensitive enough
to this second interface layer and, thus, we have preferred to use only one in the simulations employed

in this article.

TABLE IlI. Simulation parameters of the (0002) reflection of the 45-pair DBR with two superlattices

(SL) in the entire DBR thickness (t).

DBR ratio a (A) taiGan (nm) tinterface layer (nm) tan (nm)
15t SL 4/5 3.145 30 20 26.8
2M S 1/5 3.134 20 40 16.8

4. Conclusions

13



In this work we show that interdiffusion of Al and Ga occurs in AIN/Alo3Gao.7N superlattices at a
temperature as low as 800 °C. The evolution of the interface layer thickness under voluntary annealing
shows that the cation interdiffusion is weakly concentration-dependent while it seems to be more strain-
dependent. The mean diffusion coefficient value determined in this study at the AIN/Alg3GagsN

interface is about 6x 10718 cm?/s.

In practice, this interdiffusion process must be present in any produced sample whose growth
requires more than several hours. To illustrate this fact, an AIN/Alo3Gao 7N distributed Bragg reflector
with 45 pairs have been analyzed, showing clearly that the unintentional annealing of buried layers
during the long growth runs (typically lasting about 24 hours) increases the interface layer thickness
even if grown at 800 °C. As the unintentional annealing duration is directly proportional to the position
of the AIN/AIGaN pair within the DBR, the interface layer thickness decreases along the growth axis of

the DBR.

This interface layer is probably present in other AIN/AIGaN structures and could be responsible of
a degraded interface abruptness. In order to reduce the diffusion in the AIN/AIGaN system, further
studies are needed to evaluate the flexibility of the growth conditions to reduce the temperature and
growth time of the structures, as well as the duration of the layers above. Moreover, a fine strain
management of the interfaces seems crucial to control one of the driving forces of the interdiffusion
process. Reducing or eliminating this interface layer may be critical for some electronic or

optoelectronic applications for which abrupt interfaces are required.
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Figure captions

Figure 1: single column
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FIG. 1. X-ray reciprocal space maps of the (2024) reflection of a 5-pair AIN/Alo3Gao7N superlattice: as-grown
sample (AG) and after 1 hour annealing (1h) to 115 hours annealing (115h). The increase of the graded layer peak
intensity illustrates the interdiffusion process in the SL. Annealings were carried out at the growth temperature

(800 °C) in an ammonia-based atmosphere. The color scale represents the logarithm of the diffracted intensity.
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Figure 2: single column
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FIG. 2. (a) Measured 26-w scans of a 5-pair AIN/Aly3Gao 7N superlattice for the as-grown sample (blue line), the
14-hour (green line) and the 115-hour (red line) annealing with the corresponding simulations (black lines). The
curves have been arbitrary shifted. (b) Simulated aluminum content profile in the SL period of the as-grown and

all the annealing samples from 1 to 115 hours. (c) The thickness evolution of the three layers of the SL period

extracted from the XRD simulations.



Figure 3: single column
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FIG. 3. Determination of the diffusion coefficient D at 800 °C in a 5-pair AIN/Alg3Gao 7N superlattice. (a) In the

case of a diffusion process only temperature-dependent, a unique value of D(T=800 °C) should be extracted from

the slope of the squared diffusion length plotted against the annealing duration. (b) Considering this diffusion

process to be temperature- and concentration-dependent in Fick’s equation, a unique set of diffusion coefficient

values (Do, @) should be extracted by comparing the sigmoidal fits of the XRD composition profiles (continuous

lines) and the solutions of Fick’s equation (dashed lines). The different Do values obtained after 4 hours (bottom

graph) and 115 hours (upper graph) of annealing might mean that the diffusion is not only temperature and

chemical concentration dependent.
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Figure 4: single column

3150
3.149]
3.148 ]
3.147]

3.146

Lattice parameter a (A)

3.145]

3.144 4

P

40 60 80 I 160
Annealing duration (h)

o -
N
o

120

FIG. 4. In-plane lattice parameter variation against the annealing duration of a 5-pair AIN/Aly3Gag 7N superlattice.

The black dashed straight line highlights the drastic drop between the as-grown sample value and the 1h-annealed

one. The red dashed line is an exponential fit decreasing from the 2h-annealing value to the 115h-annealing one.
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Figure 5: single column
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FIG. 5. (a) HAADF-STEM cross-sectional image showing an (AIN/Alg3Gao7N)4s DBR with interfaces sharper at
the top than at the bottom of the DBR. This is confirmed at a magnified scale on (b) and (c). The first periods at
the bottom of the DBR (b) show a four-layers stacking, for which the thickest layer is an interface layer at the AIN-
on-AlGaN interface. A thinner second interface layer is also present at the AlGaN-on-AlIN interface. The last
periods at the top of the DBR (c) show a three-layers stacking with a thin interface layer at the AIN-on-AlGaN

interface, whereas the AlGaN-on-AlIN interface is sharper.
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Figure 6: single column
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FIG. 6. Aluminum content profiles of an (AIN/Aly3Gao7N)ss DBR determined by EDX, on the sample cross section

along the growth axis, at the bottommost (blue line) and the topmost (red line) DBR periods. For more clarity, the

EDX profiles of the first two and the last two DBR periods have been superposed.
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Figure 7: 2 columns
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FIG. 7. (a) X-ray reciprocal space map of the (2024) reflection of an (AIN/Aly3Gao7N)ss DBR (aligned peaks

along the dashed black line) with a GaN cavity on top (bottom peak). The color scale corresponds to the logarithm

of the diffracted intensity. (b) 20-w scans of the (0002) reflection of the DBR. The black line corresponds to the

measured diagram, the blue (resp. red) line corresponds to the simulated diagram with (resp. without) an interface

layer in each period. The best simulation is obtained with two superlattices with different interface layer (green

line). (c) Aluminum content profile in the period of the superlattice with (blue and dark yellow lines) and without

80

(red line) interface layer. The profiles determined by EDX at the AIN/AIGaN interface of the 2" (dark yellow

circles) and the 44™ (blue squares) periods of the DBR are reported for comparison.
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