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Transmission Electron Microscopy shows that the InN 
samples doped with either increasing or constant Mg 
concentration follow a cation or anion substrate polarity. 
In-polar samples change growth polarity when the Mg 
concentration is >1019 cm-3. N-polar samples have much 
higher density of planar defects than In-polar samples 
and their presence leads to a decrease in dislocation den-

sity. In the N-polar samples equally spaced planar defects 
are observed for Mg concentration >1019 cm-3.  Three dif-
ferent polytypes (2H, 3C and 4H) were observed in this 
type of samples. A band of planar defects with thick lay-
ers of a cubic material (3C) is observed for Mg concen-
tration >1020 cm-3. At this Mg concentration only n-type 
conductivity was reported earlier.  
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1 Introduction Among III-Nitrides InN was the least 
studied compound because obtaining high structural qual-
ity was difficult mainly due to low dissociation tempera-
ture and high equilibrium vapor pressure of Nitrogen and 
weak bonding of In and N [1]. However, alloying with 
GaN and AlN allows light emission from ultraviolet to red 
due to its narrow band gap [2], covering in this way the 
whole solar spectrum. This compound  has a potential ap-
plication in microelectronics, optoelectronics and solar 
cells [1,2].  

In order to apply InN to devices one needs to be sure 
that p doping in this material is possible. While undoped 
InN films are always n-type, p-type doping is still difficult 
to achieve due to the unusual band structure of InN [3,4] 
and the presence of an electron accumulation layer [5]. 
Only recently was this electron accumulation layer over-
come by using electrolyte-based capacitance-voltage 
(ECV) measurements [6,7] and a combination of Hall ef-
fect, photoluminescence and ECV analysis [8]. Mg doped 
InN thin films were confirmed to be p-type. However, 
there are only few reports on structural properties of this 
compound [9-11]. Detailed knowledge on the structural 
properties might lead to better understanding of electrical 
measurements and shead light on an earlier dispute of band 
gap of this compound [12].  

In this paper the results of Transmission Electron Mi-
croscopy (TEM) studies will be presented on the structure 
of Mg doped InN layers grown by MBE.  

2 Experimental Four samples doped with Mg will be 
described. All samples were grown by Molecular Beam 
Epitaxy (MBE) either on Ga-or N- GaN/c-Al2O3 substrates. 
The detailed growth procedure was described earlier 
[9,13,14]. The different growth polarities GaN substrates 
were used in order to obtain InN either with an anion or a 
cation growth polarity. Two samples were grown in oppo-
site polarities with multilayers of InN:Mg, where each 
layer had an equal thickness but increased Mg concentra-
tion (1x1018 cm-3, 5.6x1018 cm-3, 2.9x1019 cm-3 and 
1.8x1020 cm-3) intersected by thin undoped layers leading 
to a total layer thickness of 2.2 μm. Two other samples 
were grown on identical substrates in different polarities 
with a constant Mg concentration of 6x1018 cm-3 and 
3x1019 cm-3 and a thickness of 3.5 μm and 7.3 μm, respec-
tively. As mentioned in earlier papers [9,13,14] different 
growth temperatures were used for growth on the sub-
strates with different polarities. Different methods of 
transmission electron microscopy have been used to char-
acterize these layers: classical methods for defect identifi-
cation, lattice image for more in depth characterization of 
particular defect and Convergent Beam Electron Diffrac-
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tion (CBED) for determination of growth polarity of sev-
eral areas of each sample.  

3 TEM results CBED patterns were taken on four 
samples in different areas. These patterns show that the 
InN layers start to grow following the substrate polarity. 
For the sample with multilayers of InN:Mg CBED patterns 
indicate that InN layer started to grow with In-growth po-
larity following the Ga-polarity of a GaN substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 (a) An area of the InN sample with a zig-zag shape in-
version boundary where the growth polarity changed from In po-
larity in the lower part to N-growth polarity in the upper part. (b) 
The entire layer of an InN sample grown with a N-polarity grown 
on N-polar GaN is presented. Each double-arrow indicates where 
Mg concentration is changing from 1x1018 cm-3 to 5.6x1018 cm-3 
(the lowset one), then to 2.9x1019 cm-3 (central one), and to 
1.8x1020 cm-3 (the upper one). Note the formation of twins in the 
top part of the layer and many planar defects arranged in a spacer 
layers when Mg concentration is rapidly changing. Two darker 
areas marked by “I” might be either imbedded inversion domains 
or areas with a different composition.  

 
A drastic difference in structural perfection of the InN 

samples grown with different polarities was observed. The 
density of dislocations in this sample is as high as 3.6x1010 
cm-2. When the thickness of the sample is about 1.7 μm 
growth polarity changed to N-polarity (Fig. 1a). This 
would suggest that Mg is floating to the sample surface 
and most probably reaches the concentration of about 
5x1019 cm-3 at which point the growth polarity changes. At 
these conditions an inversion boundary with a continuous 
zig-zag (or V) shape was formed (Fig. 1a). This type of 
boundary was reported earlier for InN:Mg [9] and GaN:Mg 
[15] approximately for the same Mg concentration. Den-
sity of dislocations above this boundary was significantly 
reduced.  

With a further increase of Mg concentration a layer ap-
proximately a 100 nm thick of densely distributed planar 
defects was formed leading to a very low dislocation den-
sity in the 0.2 μm of the subsurface area (Fig. 2a). Earlier 
studies on similar samples [8] show that an increase of Mg 
concentration above 1.8x1020 cm-3 using ECV measure-
ments leads to a change from p-conductivity to n-type. 

This concentration would be expected at the sample thick-
ness where subsurface planar defects are formed, assuming 
Mg floatation to the sample surface. 

The multilayer InN:Mg sample grown on N-polar GaN  
has N-growth polarity (Fig. 1b). This sample has much 
lower dislocation density already close to the interface 
with GaN. At the top part of the layer dislocation density 
did not exceed 3.7x107 cm-2. One can notice that the major-
ity of dislocations in the InN layer propagated from the 
GaN buffer layer that was grown on Al2O3 with a large lat-
tice mismatch. However, there are areas in the N-polar 
sample where vertical voids were formed. Some voids 
started from the interface with GaN and others were 
formed within the layer (not shown here for a lack of 
space).  

 
(a)

100 nm 2 nm

(b)

 
Figure 2 (a) A band of planar defects formed in the subsurface 
area in the sample that started to grow with In polarity and trans-
ferred to N polarity above a zig-zag inversion boundary; (b) high 
resolution image from this band of faults. Note a large thickness 
of a cubic (3C) material.  

 
On the same figure one can see some imbedded do-

mains with a different diffraction contrast (marked by I in 
Fig.1b), most probably inversion domains or areas with a 
different composition. In addition to dislocations a high 
density of planar defects in a form of dislocation loops 
were formed. Many of them were lining up in the areas of 
the undoped spacer layers (Fig. 1b). These dislocation 
loops often interacted with threading dislocations leading 
to their lower density above the loops (see right hand side 
of the micrograph, Fig. 1b). Formation of these loops 
within the spacer layers confirms the assumption of Mg 
flotation to the sample surface and non-uniform distribu-
tion. In the upper part of the third layer where Mg concen-
tration reached 2.9x1019 cm-3 (where the change of growth 
polarity took place in the previous sample) many planar 
defects almost equally spaced (Fig. 3) are formed. With a 
further increase of Mg concentration to 1.8x1020 cm-3 a 
density of planar defects becomes more irregular, but at a 
distance of about 400nm from the surface a band of 
densely distributed planar defects appear again similar to 
that observed in the previous sample (as presented in Fig. 
2). A lattice image from this area with planar defects ap-
pearing close to the sample surface show formation of dif-
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ferent thicknesses of cubic material, meaning a different 
types of stacking fault. However, in many places the thick-
ness of a cubic layer is much larger than required for the 
formation of any type of stacking fault (I1, I2 or E), typical 
for 2H material [16]. Some top areas of the sample are 
completely converted to cubic material and twin defects 
typical for a cubic material are observed (see top center 
part of Fig. 1b). In the majority of areas the subsurface ar-
eas still show 2H structure.  

 

50 nm
 

Figure 3 Stacking faults almost equally distributed in the sample 
grown with N-polarity. 

 
As shown earlier [8] for this high Mg concentration 

(>1.8x1020 cm-3), a change from p-conductivity to n-
conductivity is taking place in both samples that started to 
grow with a different polarities. For the same Mg concen-
tration a band of planar defects is formed. It is worth not-
ing that these defects appear always in N-polar material 
since a change of polarity took place in the sample that has 
started to grow with In-growth polarity.  

 

 
Figure 4 Dislocation distribution in a sample grown with con-
stant In polarity (a) and a constant N polarity (b). The arrows in-
dicate areas where planar defects are formed leading to disloca-
tion interaction and decrease their density in the upper part of the 
layer. 

 
For the 3μm thick sample grown with In-growth polar-

ity with constant Mg concentration of 6x1018 cm-3, the den-
sity of dislocations is rather high and reaches 1.6 x1010 cm-2 
(Fig. 4a). They are of edge type and their density does not 
decrease with sample thickness. This is in agreement with 
our earlier studies of the thick In-polar samples grown in a 

different laboratory with Mg concentration below 1019 cm-3 
[10]. 

The 7.3 μm thick sample grown with N-growth polar-
ity with constant Mg concentration of 3x1019 cm-3 is the 
most structurally poor sample among four samples studied. 
The density of dislocations at the area close to the interface 
with GaN is about 1 x1011 cm-2 and slightly decreases to-
ward the sample thickness (Fig. 4b). These decrease is 
caused by the formation of planar defects (indicated by ar-
rows) at a discreate distances from the interface such as 0.4 
μm, 1.2 μm interface and ~ 3 μm suggesting again Mg 
floating to the growth surface. Due to the formation of the 
planar defects dislocation density decreases to 2 x109 cm-2 

in the subsurface area.  
 

(a) 0002 

 
0000 

(b) 

 
1 nm 

 
Figure 5 (a) A selective area diffraction pattern (SAD) indicat-
ing division of the 0002 distance into four indicating some order-
ing consistent with 4H polytype structure; (b) High resolution lat-
tice image from the same area. 
 

In few areas of this particular sample selective area dif-
fraction (SAD) patterns showed additional spots dividing 
0002 distance into four (Fig. 5a). High resolution images 
show that each fourth 0002 lattice fringe has higher inten-
sity and a specific lattice arrangement suggesting some or-
dering consistent with the formation of 4H polytype (Fig. 
5b). The reason for the formation of such a polytype is not 
clear since in some areas of the sample this poltype starts 
from a non-uniform interface, but with an ubrupt and uni-
form interface this polytype starts from a band of planar 
defects, mentioned above, located at some distance from 
the interface. This 4H polytype might extend to another 
band of planar defects, formed for different sample thick-
ness, converting again to 2H InN at the surface. To our 
knowledge this is the first experimental observation of the 
4H type of polytype in this type of samples. 

These studies show that type of defects formed in the 
InN:Mg depends strongly on growth polarity. Samples that 
grow with N polarity are more susceptable to the formation 
of planar defects than these grown with In polarity. Two 
other structures besides 2H have been observed: 3C and 
4H structure found in this study.  

4 Discussion and conclusion The addition of Mg 
to InN leads to the formation of different types of struc-
tural defects. The type of defect depends on sample growth 
polarity. In the samples grown with N-polarity for Mg 
concentration >1019 cm-3, equally spaced stacking faults 
are formed in 2H structure. For the higher concentration 
>1020 cm-3, a band of planar defects with a large thickness 
of a cubic material can be observed in the sub-surface area. 
For the thick samples with a constant Mg concentration of 
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3x1019 cm-3, the 4H polytype could be found in some areas 
of the sample. The question remains what leads to this be-
havior. Is it a Mg a leading factor or the fact that we are 
dealing at least with three elements with different radii ? 
There are many Mg rich ternaries like Zn1-xMgxSe [17] or 
Cd1-xMgxTe [18] with these type of defects and polytypes 
but there are also other materials like Zn1-xCdxS and ZnS1-x 
Sex [19], or SiC [20] with different dopants where 
polytypes are also often observed. The observation of 
densely distributed stacking faults in InGaN and large ar-
eas of cubic materials with either high In content or large 
sample thickness [21] and InGaN:Mg [22] would suggest 
that different atomic radii might be the reason for the for-
mation of different polytypes. This is an important issue 
since change of polytypes  from 3C→8H→4H→2H in 
ZnMgSe [17] leads to a change of a bandgap from 2.94 eV 
to 3.08 eV, an important issue for III-Nitrides. This would 
shed a light that a previous dispute of a different value of a 
bandgap in InN most probably was releated to structural 
variety of the samples grown in different laboratories. 

In conclusion, one can see that In-polar samples 
change growth polarity to N when Mg concentration is ex-
ceeding a specific concentration of few times 1019 cm-3. In 
contrast, N–polar samples do not change growth polarity 
for he same Mg concentration. However, they are more 
vunerable to the formation of different types of planar de-
fects (stacking faults and dislocation loops) and also to the 
formation of different polytypes. In these N-polar samples 
there are several areas where planar defects interact with 
dislocations decreasing in this way their density. For both 
starting growth polarities a band of planar defects with ex-
tended layers of cubic material (defective polytypes) is 
formed when the Mg concentration exceeds 1.8x1020 cm-3. 
The presence of this band of defects with a large thickness 
of cubic material might be responsible for n-type conduc-
tivity reported earlier [8] for heavily Mg-doped films, since 
layers with lower Mg concentration, where these defects 
were not observed, show p-conductivity. 
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