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Abstract

Correlation between off-axis electron holography and Atom Probe Tomography
(APT) provides morphological, chemical and electrical information about Mg-doping
(p-type) in gallium nitride (GaN) layers that have been grown at different temperatures
at a nanometric scale. APT allows access to the 3-Dimensional (3D) distribution of
atoms and their chemical nature. In particular, this technique allows visualisation of
the Mg-rich clusters observed in p-doped GaN layers grown by Metal-Organic Chemical
Vapour Deposition (MOCVD). As the layer growth temperature increases, the cluster
density decreases but their size indicted by the number of atoms increases. Moreover,
APT reveals that threading dislocations are decorated with Mg atoms. Off-axis elec-
tron holography provides complementary information about the electrical activity of
the Mg-doping. As only a small fraction of dopant atoms are ionized at room tem-
perature, this fraction is increased by annealing the specimen to 400 °C in-situ in a
Transmission Electron Microscope (TEM). A strong reduction of the dopant electrical
activity is observed for increases in the layer growth temperature. The correlation of
APT with TEM-based techniques was shown to be a unique approach in order to inves-
tigate how the growth temperature affects both the chemical distribution and electrical

activity of Mg dopant atoms.



The control of p-type doping is necessary for the production of high performance devices
based on IIl-nitride materials. Mg is currently the only efficient p-type dopant, but it has
a high ionisation energy of ~250 meV, meaning that only ~1 % of the dopants are active
at room temperature.! Therefore, the incorporation of very high dopant concentration (>
10%° cm™3) is necessary in order to achieve a high enough hole concentration ( > 10'® cm™3).2
Unfortunately, when using growth techniques performed at high temperatures such as Metal-
Organic Chemical Vapour Deposition (MOCVD), as the Mg concentration increases above
2x10Y cm™2 then the generated hole concentration can saturate and then decrease drasti-
cally.® Two main explanations have been proposed for this phenomenon. The first being the
formation and increase of complexes such as MgV y, acting as compensation centres.* The
second being the formation of Pyramidal Inversion Domains (PIDs), whose density increases
with Mg concentration. The boundaries of these PIDs are believed to be formed of MgsNy
where Mg atoms are electrically inactive.?® Previous studies of PIDs, which include atomic
resolution imaging, Energy Dispersive X-ray Spectrometry (EDS) and modelling, suggest
that Mg-rich inversion domain boundaries form on (0001) planes and these may include a
significant fraction of the Mg dopant atoms.%® Besides the problem of the Mg acting as a
deep acceptor, there are many additional parameters that impact on the efficiency of the
p-GaN doping, such as the growth temperature, leading to a deterioration of the overall
properties of the optoelectronic devices.”!? For these reasons the dopant atom distribution
and its electrical activity must be investigated with a nm-scale spatial resolution to better

understand the sample electrical properties.

In order to directly investigate the influence of the growth temperature on both the
distribution and activity of the Mg dopant atoms, a dedicated sample containing several
p-type GaN layers grown by MOCVD at different temperatures in the range 970 - 1090 °C
was investigated. Figure 1(a) shows a schematic of the sample. This consists of a stack of
65 nm thick Mg-doped GaN layers alternated with 130 nm thick Non-Intentionally Doped

(NID) GaN layers. A lamella specimen and atom probe needle-shaped tips were prepared
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using a standard lift out procedure using a Scanning Electron Microscope/Focused Ion Beam

(SEM/FIB) operated at 16 kV.!1:12

High-Angle Annular Dark Field Scanning Trasmission Electron Microscopy (HAADF-
STEM) was performed using a double aberration corrected FEI Titan Ultimate operated at
300 kV. Figure 1(b) shows a HAADF-STEM image of a cross section of the lamella specimen
observed down the [1120] zone axis. The laters with brighter contrast correspond to p-GaN
layers grown at higher temperatures. Such contrast arises from a "halo" around the PIDs
which becomes clearly visible from 1030 °C. Figure 1(c) shows a magnified region of the
layer grown at 1090 °C. The presence of several triangular shaped PIDs is observed. One
of these is shown with atomic resolution in figure 1(d). Finally, the size of the base of 15
different PIDs was measured for each growth temperature. Results are reported in Figure
1(e). These reveal an increase in the size of PIDs from (1.9 £+ 0.4) to (3.9 £+ 0.7) nm for

growth temperatures ranging from 1030 to 1090 °C, respectively.

Although the STEM data provides useful information about the morphology (i.e. the
size of the PIDs), it is difficult to map the Mg distribution in the doped layers due to the
low atomic concentrations that are present. To obtain information about the 3D distribu-
tion of the Mg atoms inside and outside the PIDs, Atom Probe Tomography (APT) was
performed. A needle-shaped specimen was analysed using a CAMECA FlexTAP. The anal-
ysis parameters were optimized to operate at low electric field condition on the tip surface
and thus to observe the best signal-to-noise ratio in the mass spectrum.®* This reduces
also the preferential loss of metallic species during the tip evaporation and allows to better
estimate the Mg fraction.®1® The 3D reconstruction was performed using a cone-angle al-
gorithm. As it was not possible to properly reconstruct the entire volume analyzed adopting
a unique set of parameters, different sub-volumes containing a single p-doped layer was sep-
arately reconstructed. More information regarding the APT analysis conditions and the 3D

reconstruction are reported in Supplementary Information.



The APT 3D reconstruction of the entire volume analysed is shown in Figure 2(a). The
layers grown from temperatures of 990 °C to 1090 °C can be identified by the Mg distribu-
tion. The top layer grown at 970 °C was not considered here, due to FIB damaging during
preparation. Figures 2(b-d) show three examples of reconstructed sub-volumes at different
growth temperatures. The mass spectra extracted from two different regions of the specimen
shown in Figure 2(a) reveal that Mg atoms are present in p-doped layers, but also in the NID
ones, which is likely due to the surfactant properties of Mg during growth. Mg naturally
occurs in three isotopes, forming peaks at 12, 12.5 and 13 Da in atom probe mass spectra.
Nevertheless, in the NID layers only the principal isotope (2*Mg) can be clearly distinguished
at 12 Da (Figure 2(a)) indicating that in these layers the Mg concentration is close to the
APT detection limit.

The capability of APT to provide 3D images at an atomic scale and clearly identify the
chemical nature of atoms in the reconstruction is a key point for the identification of Mg-
enriched regions embedded in the GaN matrix. However, current limitations in the technique
do not allow the structure of the Mg atoms within the PIDs to be resolved. The triangular
Mg-enriched regions associated to PIDs are identified from the formation of Mg clusters in
the 3D reconstruction (Figure 2(a)). Mg clustering is observed in all the doped layers grown
from 990 °C to 1090 °C, in agreement with previous APT analyses. "' These Mg rich regions
are likely related to the PIDs observed by TEM. However, despite Mg atoms are present in
the NID layers, no Mg clusters are observed. Moreover, APT reveals also that threading
dislocations are decorated with Mg atoms (Figure 2(a)). The presence of Mg at hollow cores
of both edge and mixed dislocations have been already reported from respectively TEM !
and STEM?° analyses. According to molecular dynamics calculations, these Mg atoms would
occupy interstitial sites?! and therefore would not behave as acceptors.

From the 3D reconstruction of the doped layers, a cluster identification was performed
using the maximum separation distance technique based on the calculation of distance be-

tween first nearest neighbour of solute atoms.???* Then, from this identification, the number



of Mg atoms can be determined inside each cluster as well as the overall cluster density
inside each p-doped layer. The results are shown in Figure 3(a). The data reveals that
the size of the clusters, indicated by the number of Mg atoms detected, increases whereas
the cluster density decreases with increasing growth temperature. The latter behaviour is
consistent with the HR-STEM analysis performed on the PIDs (cfr. Figurel(e)). Note that
the layer grown at 990 °C is not considered in this analysis since the evaporation conditions
at the beginning of the atom probe analysis were not yet optimized (see Supplementary
Information).

APT was also useful to reveal the very small clusters in the 1010 °C layer which are not
detected by the STEM imaging. On the other hand, the APT Mg fraction profiles through
these clusters do not suggest a decrease in Mg at their centres, which would be expected if
Mg atoms segregated at the surface of the PIDs.'"2* This effect could be due to the limited
in-plane spatial resolution of APT, but also to differences in the evaporation field between the
Mg clusters and the GaN matrix. This generates local magnification aberrations, which can
lead to biased local composition in the clusters adding to distortions of their morphology.?®
Moreover, due to the well know detection limitations in APT, the number of both Ga and
Mg atoms inside clusters is systematically underestimated and is not representative of the
number of atoms really present.!® However, as the evaporation conditions were the same for
all layers, the evolution of both clusters size and composition is considered reliable.

Besides providing information about clusters, APT has the unique capability to estimate

Mg

o that are present outside of the clusters and within the GaN
g+Ga

also the Mg fraction y =
matrix. These Mg atoms are considered to be potentially electrically active. In order to do
this, Mg atoms present in either clusters or other defects, such as threading dislocations,
were not considered because are supposed to be electrical inactive. Of course, the measured
fraction y within a layers is not strictly quantitative and is only used to demonstrate the

relative evolution of the composition.?626 The Mg fraction for both the potentially active

Mg atoms in p-doped layers and those detected in the NID layers is shown in Figure 3(b) for



different growth temperatures. The Mg concentration in the layers rapidly decreases from
1010 °C to 1050 °C and then stabilizes, while in the NID layers it remains constant with a
slight increase for the layer grown at the highest temperatures (1070 °C - 1090 °C).

The chemical information obtained from APT cannot be directly connected with the
electrical activity of dopant atoms. For this reason, off-axis electron holography was per-
formed. This allows the measurement of the electrostatic potential and the determination
of the relative electrical activity in the different layers as a function of growth temperature.

Off-axis electron holography technique is a TEM based technique that uses an electron
biprism to create an interference pattern known as the hologram.?” A coherent electron wave
that passes through the specimen is interfered with another that passes through vacuum.
From a Fourier reconstruction procedure, information about the phase of these electrons
can be retrieved. In the absence of dynamical diffraction and magnetic fields, the measured
phase is sensitive to the local electrostatic potential of the active dopants Vgopan: and the
Mean Inner Potential (MIP) Vyp. The phase change A¢(z,y) of an electron that passes

through a specimen is given by;?8

Ag(x,y) =Cg /Ot Vie(z,y, 2)dz, (1)

where: Vg(z,y,2)=Vuip + Viaopant; the constant Cg is dependant on the operating
voltage of the TEM which equals to 0.0073 rad - nm™ V - for 200 kV electrons and ¢ is
the thickness of the specimen. The value of the V,,;p for GaN was calculated by Density
Functional Theory (DFT) and is found to be 16.8 V.

It is known that the surfaces of the TEM specimens do not act in the same manner as
the bulk when examining electric potentials. Firstly, this is due firstly to FIB damage, which
can be reduced with a low FIB operating voltage. Secondary, the band bending at the top
and bottom surfaces of the TEM specimen due to surface states leads to values of potential
less than expected.3% 33 Systematic studies of doped Si and GaAs p-n junctions shows that

depletion regions are created between the surfaces of the specimens and the active dopants



inside the TEM specimen.3?3! As such, it is necessary to look at relatively thick specimens
to minimise these effects, especially for low active dopant concentrations. thirdly, in GaN
the generated current during the interaction with the electron beam may add an additional
contribution acting as a forward bias.?* Previous studies on doped GaN specimens have
shown that the measured potential is in the range of 0.4 to 0.5 V instead of the expected
value of 3.4 V.3* In Si and GaAs p-n junctions the correct potentials can be recovered when
high dopant concentrations are examined and by the application of good electrical contacts
to remove the build up of charge from the electron beam. Thus the experiments must be
performed using a low electron beam intensity. Of course, the observation of thick specimens
using low beam intensities leads to very noisy phase images. To solve this problem, series
of holograms were acquired and summed to provide improved signal-to-noise. Because all
these artefacts are reduced for higher active dopant concentrations, the specimen was heated
in-situ in the TEM in order to increase the concentration of the ionised Mg dopants.3? At
room temperature, a thermally ionized Mg dopant concentration of ~ 1.2 % is expected (cfr.
Equation 3 in the Supplementary Information). Therefore, the specimen was examined at
400 °C to increase this concentration to a theoretical value of ~ 14%.

Off-axis electron holography was performed using a Cs probe corrected FEI Themis TEM
operated at 200 kV, using a Lorentz lens to provide a large field of view. A biprism voltage
of 177 V was used to provide a hologram of 770 nm width with a fringe spacing of 4 nm.
The specimen was mounted in a Gatan double-tilt annealing holder and tilted by 2° from the
[1120] zone axis to reduce diffraction contrast whilst keeping the layers edge-on, such that
the measured width of the layers was not affected by this loss of resolution in projection.
Two series of 32 holograms, with individual exposure times of 8 s, were acquired at room
temperature and at 400 °C using a 2048 x 2048 pixels CCD camera. High temperatures reduce
the artefact effects and increase the measured signal. However, this could lead to significant
atomic diffusion, even if the heating temperature is well below the growth one. To verify

this, the specimen was re-examined at room temperature after being heated for 6 hours to



confirm that no structural changes or dopant diffusion had occurred. The hologram series
were finally reconstructed using the Holoview software which aligns and averages hologram
series for improved signal to noise.?® The phase images were reconstructed with a spatial
resolution of 10 nm. Higher spatial resolutions are possible but this is at the expense of the
field of view as the interference fringes need to be sampled by at least 6 pixels to maintain
a good signal to noise ratio. Reference holograms were then used to remove geometrical
distortions from the imaging system.

Figure 4(a) shows the potential map acquired at room temperature. Dark contrast is as-
sociated to the p-type regions, bright contrast to the NID regions. The latter would usually
be intrinsically n-type due to a residual n-type background, estimated to be 5x10'7 cm ™3 for
Tgrowth = 780 °C.30 However, Mg atoms were also observed by APT in the NID layers. The
concentration of such p-doping was estimated by Secondary Ion Mass Spectrometry (SIMS)
to be 0.6x10' cm™3. Even assuming the unlikely figure of 100 % activity of the p-type Mg in
the NID layers, it would still expect these regions to be n-type at room temperature. Figure
4(c) shows the potential profile measured across the indicated region. The step in potential
measured between each of the doped and NID layers is shown in Figure 4(d) as a function
of growth temperature. A value of (0.40 £ 0.02) V is obtained for Ty, = 970 °C, dras-
tically decreasing towards higher temperatures. Thus holography provides a clear evidence
that the use of higher growth temperatures decreases the electrical activity of the dopant
atoms. However, the theoretical step in potential between a p-doped and intrinsic GaN with
concentration of acceptors Ny = 5x10 ecm™3 and donors Np = 5x 107 cm ™3 respectively is
approximately 3.4 V at room temperature. This discrepancy between experiment and theory
can be explained in part in terms of both FIB damaging and surface charging effects.

In order to reduce the effect of artefacts and increase the measured signal, Vgopant, the
specimen was finally heated in-situ up to 400 °C to increase the ionised dopant concentration.
As the A potential map of the specimen at 400 °C is shown in Figures 4(b). A potential

profile extracted from this map is shown in Figure 4(c). The step in potential between the



layers are finally represented in Figure 4(d) for the two temperatures investigated. This step
decreases from (0.51 £ 0.02) V to (0.20 £ 0.02) V for Ty, increasing from 970 °C to
1010 °C, respectively. Then, it reduces to (0.15 £ 0.02) V for Ty puer, = 1090 °C. These
values are improved compared to room temperature where the same trend was observed
(Figure 4(d)), but they still lower than expected from theory. Further studies are required
to understand this discrepancy, although for this sample we should consider the uncertainty
from the Mg doping in the NID layers.

The artefacts that are present when measuring the potentials in GaN are currently object
of great interest. However, in the case presented here, since all the doped layers are examined
within the same TEM specimen, results suggest that a reduction in the step in potential
between the layers can be directly interpreted in terms of the relative electrical activity of
dopants. This is in agreement with previous studies that observe a decrease in generated
holes with growth temperature described as being due to the saturation in the incorporation
of the Mg dopant occurring at high growth temperature®” or to the increase of compensation
effects. 38

Both APT results and HR-STEM observations reveal that as the growth temperature
increases, the Mg clusters in the p-doped layers increase in size and become less numerous
in the volume. Up to a growth temperature of 1050 °C a strong reduction of the Mg fraction
outside of the defects (clusters and dislocations) was observed, suggesting a decrease in the
generated holes concentration in the p-doped regions. These observations are in agreement
with electron holography showing a decrease of the dopant electrical activity in these layers.
At temperatures Ty on > 1050 °C, APT suggests that, despite the increase in the size of the
PIDs, the number of Mg atoms that are potentially active becomes constant. Meanwhile, the
holography results (Figure 4(d)) show a continuous decrease in the electrical activity of the
dopant atoms for the different growth temperatures. Correlation of these results suggests
that despite it is difficult to directly observe MgV y complexes, these must have a strong

contribution towards the reduction in the dopant activity, especially at the higher growth
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temperatures. More work is required on a range of differently grown specimens to understand
whether this trend is universal or particular to this sample that has been studied, and of
course better understand how the PIDs and MgV y complexes affect the dopant activity at
the lower growth temperatures.

In conclusion, a correlation between atom probe tomography and off-axis electron holog-
raphy has revealed complementary information regarding the distribution and the electrical
activity of Mg atoms in GaN layers with nanometer-scale spatial resolution. The growth
temperature has a strong impact on the material properties resulting in an increase in the
size of clusters that are observed by APT. These are likely associated to the PIDs observed
by TEM. The holography shows an strong reduction in the electrical activity of the dopant
with the increasing of the growth temperature. A comparison between the trends that are
observed from the two techniques suggests that in these samples the MgV y complexes dom-
inate the dopant inactivity at temperatures above 1050 °C whereas at lower temperature the
results are more difficult to interpret. For more quantitative interpretation of holography
data, a systematic study of a range of differently doped GaN layers is required. This would
be used to provide inputs for 3D simulations of the electrostatic potentials in and around
the thin TEM specimens which account for the damage introduced by FIB preparation as
well as charging on the specimen surfaces which is currently in progress. It is expected that
improvements in the analysis of APT data as well as a more effective combination of HR-
STEM measurements will allow better determination of the effect of defects such as PIDs

and complexes on the doping efficiency in GaN and a wide range of other doped materials.
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Supplementary Information

Electron holography

The hologram reconstruction process can be used to calculate an amplitude image from
which the specimen thickness can be extracted.?® As such, it is possible to correct the effects
of the varying thickness, such that the measured potential is related only to the changes in
Viopant- The thickness map shown in Figure 5(a) was measured directly from the amplitude

image A § value can be extracted from the following relation:

t Ao
N T2 hl(Afr)’ (2)

where: A is the mean free path; Ay and A, are the amplitudes of the specimen and

the vacuum, respectively.®® The mean free path can be estimated from the expression,
106F(£2)

2BEqy *
ln( ETVL )

the FEI Titan Themis.

A

40 The value in GaN was measured to be 105 nm in Lorentz mode using

A thickness map from Equation 2 can then be calculated. This is reported in Figure
5(a), also confirming an absence of diffraction contrast across the region of interest which
could affect the measured phase. The extracted thickness profile reveals a decrease in the
specimen thickness measured to be < 40 nm, which induces a phase gradient due to the MIP
phase of approximately 4.7 rad deduced using Equation 1. For this purpose, a 2"¢ order
polynomial fit of the thickness is used to remove the Vj;;p component such that the phase
image is directly sensitive to Viopant-

The hole concentration is directly related to the ionization energy F 4 and the temperature

T by the charge neutrality equation:

= —exp(——), (3)

where: N, is the concentration of the acceptors equal to 4.8x10' cm™3; p is the holes
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density; Np is the concentration of the residual donors equal to 5x10'7 ecm™3; kg is the
Boltzmann constant; g the degeneracy of the Mg which is assumed to be equal to 4; Ny is

the effective density of states. The ionization energy is estimated at 250 meV. 4142

Atom probe tomography

The experiments were performed using a FlexTAP CAMECA, operated with a UV (344
nm) femtosecond laser. The analysis parameters were the following: field of view: 15°
tip base temperature: T = 40 K; peak energy density during the laser pulse: ~ 8x10~*
nJ - ecm™2; constant detection rate: ¢ = 0.002 event/pulse. Data was processed with using
Tap3D software from CAMECA. The reconstruction of the whole volume is obtained using
a cone-angle algorithm.*® The initial curvature radius was set to 30 nm and the cone angle
to 7°. Due to the large analysed depth (more than 1 micron), it was difficult to reconstruct
simultaneously all the Mg doped layers having the same thickness value (65 nm) using just
one set of reconstruction parameters and without introducing artefacts.?® Therefore, each
doped layer is reconstructed separately using adapted values of reconstruction parameters
(initial radius and cone angle) in order to obtain an approximate nominal thickness of 65 nm.

Figure 6 shows the evolution of both the Mg fraction and the Ga Charge-State Ratio (Ga-

CSR) %‘f: as a function of the specimen depth. Also the corresponding growth temperatures
are reported in figure. The Ga-CSR is observed to strongly decrease at the beginning of the
evaporation, then it stabilizes in depth. It varies from 0.07 and 0.05 for layers growth between
1010 °C and 1090 °C. The so-called effective Field (F.rr) was thus estimated in about 24
V - nm~! through Kingham's post-ionization model.** Precedent studies reveal that such
field conditions lead measuring a more reliable I1I-fraction in ternary GaN-based alloys. 116,26
This consideration can also be extended to the case of MgGaN, even if a dedicated study have

yet to be developed. Therefore, only information from doped layer grown at T, ¢n, = 1010 °C

to the doped layer grown at Ti,oue, — 1090 °C are extracted and compared relatively.
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Figure 1: (a) Schematic of the analysed sample containing layers of undoped and doped
GaN grown at different growth temperatures. (b) HAADF-STEM image of the sample. p-
type GaN layers appear with bright contrast. A threading dislocation can be observed. (c)
Atomic-resolved HAADF-STEM image of the p-type layer grown at 1090 °C. (d) HR-STEM
image of a PID in the doped layer grown at 1090 °C. (e) PIDs size variation measured by
HR-STEM as a function of the growth temperature.
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Figure 2: APT 3D reconstruction of the analysed tip. (a) 3D distribution of Mg detected
atoms in all the evaporated layers including doped and undoped from 990°C to 1090 °C. (b)
and (c) are mass spectra in p-doped and NID layers respectively where Mg and its isotopes
are identified. (d-f) Reconstructions of three p- doped layers grown at 1010 °C, 1050°C and
1090°C, respectively. Mg atoms atoms are depicted in blue. Only 1% of the detected Ga
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Figure 3: (a) Variation with growth temperature of the number of Mg atoms contained
in the clusters and of the clusters density inside each p-doped layer. (b) Variation of the
Mg fraction outside of the clusters and also in the NID layers as a function of the growth

temperature.
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Figure 4: (a) Potential map acquired at room temperature (RT). The p-type layers appear
with a dark contrast. (b) Potential map acquired at 400°C. (c) Potential profiles at room

temperature (in black) and 400°C (in red). (d) Step in potential at room temperature and
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Figure 5: (a) Thickness map of the TEM sample showing no diffraction contrast. (b) Thick-
ness profile with a 2°¢ order polynomial fit.
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Figure 6: Mg fraction (in blue) and Ga charge-state ratio (in orange), as a function of the

sample depth.
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