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Strain and morphology compliance during the intentional doping
of high-Al-content AlGaN layers

D. Nilsson, E. Janz�en, and A. Kakanakova-Georgievaa)

Department of Physics, Chemistry and Biology (IFM), Link€oping University, SE-58183 Link€oping, Sweden

(Received 1 March 2014; accepted 10 August 2014; published online 26 August 2014)

This study presents analysis of the residual strain and related surface morphology of high-Al-

content Al0.82Ga0.18N layers doped by silicon up to the level of 3� 1019 cm�3. We focus on

understanding the basic mechanisms which underlie the formation of the distinct surface

morphology of the Al0.82Ga0.18N:Si layers and their conductivity. We discuss the development of

certain facet structure (nanopipes) within the doped layers, which is apparent at the high Si doping

levels. The formation of nanopipes influences the conductivity of the layers. It is anticipated to

give rise to facets with SiN-related coverage, outcompeting the incorporation of Si at substitutional

donor sites in the lattice. We do not find evidence for kinetic stabilization of preferential crystallo-

graphic facets when a dopant flow of bis(cyclopentadienyl)magnesium (Cp2Mg), instead of silane

(SiH4), is implemented in the doping process. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894173]

The light-emitting device structures intended for operation

at the short wavelengths in the deep-ultraviolet, k< 280 nm,

are based on the wide-band-gap AlxGa1-xN material system,

x> 0.70. The vast majority of these AlxGa1-xN-based device

structures is yet grown on SiC, alternatively sapphire, sub-

strates. These device structures incorporate the following layer

sequence, AlxGa1-xN:Si/AlxGa1-xN/AlN-on-SiC. The Si-doped

AlxGa1-xN layer, AlxGa1-xN:Si, provides the n-type carriers for

the electrical pumping of the devices. The growth of the

AlxGa1-xN layers is affected by a specific complexity. A ten-

sile-stress-gradient is generated along the growth direction,

which is related to the inclination of pure edge threading dislo-

cations1,2 propagating from the AlN layer and originating at

the interface with the foreign substrate. Thermodynamic calcu-

lations based on bulk-energy-balance provide a set of condi-

tions for the onset of the dislocation inclination.3,4 The

existence of an energy barrier of up to 10 eV to dislocation in-

clination is indicated for thin stressed layers. This high energy

barrier is considered to be reduced if surface roughening

evolves, which depends on the implemented growth rate,

temperature, and doping levels.5 The tensile-stress-gradient

causes gradual relaxation of the initial compressive strain in

various AlxGa1-xN layers grown on Al(Ga)N templates by

MOCVD.2–10 The gradual relaxation of the initially compres-

sive AlxGa1-xN layer is followed by a transition to tensile

strain, and enhancement of the tensile strain at the onset of the

Si doping.8,10 This specific growth feature has typically been

extracted from in-situ curvature measurements and analysis of

stress generation during epitaxial growth.8,10 The propagation

of tensile strain in the AlxGa1-xN:Si layer and potential cracks

limits the range of targeted thickness and Si doping levels for

optimal performance of the n-type layers incorporated in the

AlxGa1-xN-based light-emitting device structures. It has been

established that the amount of the tensile-strain-gradient

increases (i) with the increase in Si doping for the same

AlxGa1-xN composition, (ii) for higher-Al-content AlxGa1-xN

layers at the same Si doping level, and (iii) for thicker

AlxGa1-xN:Si layers of the same composition and Si doping

level.8 Previous studies relate to AlxGa1-xN:Si layers of

x� 0.40–0.60.8 The most recent study reports on an alloy com-

position of x� 0.20–0.90.10

By performing ex-situ X-ray diffraction (XRD) meas-

urements, we can confirm the same trends, (i)–(iii), of tensile

strain propagation for AlxGa1-xN:Si layers of high-Al-con-

tent, x� 0.70–0.90. For the present study, we select layers

of the same alloy composition, x� 0.82, and thickness,

�400 nm, doped by Si at several different levels, up to

[Si]� 3� 1019 cm�3. We focus on understanding the basic

mechanisms which underlie the formation of the distinct sur-

face morphology of the Al0.82Ga0.18N:Si layers and the per-

formance of their transport properties. We discuss the

development of certain facet structure (nanopipes) within the

layers, which is apparent at higher Si doping levels. The de-

velopment of nanopipes influences the transport properties

of the layers. It is anticipated to give rise to facets with SiN-

related coverage, outcompeting the incorporation of Si at

substitutional donor sites in the lattice.

In this study, AlxGa1-xN:Si/ AlxGa1-xN /AlN structures

were grown on semi-insulating 4H-SiC substrates in a hori-

zontal hot-wall MOCVD reactor (GR508GFR AIXTRON).

The reactor was operated at a process pressure of 50 mbar.

Trimethylaluminum (TMAl), trimethylgallium (TMGa), and

ammonia (NH3) were the principal precursors in the deposi-

tion process, with silane (SiH4) and bis(cyclopentadienyl)

magnesium (Cp2Mg) as dopant precursors. The effective

substrate template, AlN-on-SiC, was overgrown by a

composition-graded AlxGa1-xN layer with x decreasing from

1.0 to a certain targeted value by lowering the process tem-

perature from 1240 �C (the typical process temperature for

AlN growth) to 1100 �C (the typical process temperature for

AlxGa1-xN growth). During the deposition of the graded

layer, TMGa was introduced at a constant gas-flow-rate cor-

responding to the targeted value, x, of the alloy composition.

This approach was implemented only in the growth of the

layer structures doped by Si. The concentration of dopants

a)Author to whom correspondence should be addressed. Electronic mail:

anelia@ifm.liu.se.
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and residual impurities, and the alloy composition, was

measured by secondary ion mass spectrometry (SIMS, Evans

Analytical Group), i.e., with a single technique and irrespec-

tive of their site in the crystal lattice, and lattice distortions.

The alloy composition determined by SIMS corresponded to

Al0.77Ga0.23N, as already reported.11 XRD measurements

were carried out in a PANalytical Empyrean diffractometer

using Cu Ka1-radiation at a wavelength of k¼ 1.5406 Å.

Reciprocal space maps were taken around the asymmetric

10–15 reflection in AlxGa1-xN. It is recalled that in this case,

the abscissa QX¼ k/(a
ffiffiffi

3
p

), and the ordinate QZ¼ 5k/2c,

where k is the wavelength of the x-ray radiation used.9,12

The extraction of the lattice parameters, a and c, and the

commonly followed subsequent analysis—which assumes a

certain relation between the in-plane and out-of plane strain

and the applicability of the Vegard’s law9,12—allows

the alloy composition, x, and residual strain (respectively

stress) to be calculated. The in-plain residual stress, rXX,

in the AlxGa1-xN layers, is represented by: rXX¼ [C11(x)

þC12(x)—2 C13
2(x)/C33(x)] [(a� a0(x))/a0(x)], where the

term (a � a0(x))/a0(x) expresses the in-plane strain, a0(x) is

the strain-free lattice constant, and Cij(x) is the elastic con-

stant, respectively, of AlxGa1-xN alloy. These parameter val-

ues were determined assuming that the Vegard’s law is valid

and following a linear interpolation between the values for

GaN and AlN (Table I). The alloy composition extracted

from XRD corresponds to Al0.82Ga0.18N, i.e., it is equivalent

to the SIMS determined alloy composition within 0.05. The

alloy composition extracted from XRD is referred to

throughout the article text. The surface morphology of the

layers was studied in a Veeco Dimension 3100 atomic force

microscope (AFM) operating in tapping mode. The root-

mean-square roughness of the surface (rms) was extracted

from scans at a scale of 2� 2 lm2.

In the following, we present analysis of the residual

strain and related surface morphology of Al0.82Ga0.18N:Si

layers. Al0.82Ga0.18N:Si layers of two characteristic doping

levels were selected: [Si]� 2� 1018 cm�3, which gives rise

to transport properties on-par with the best up-to-date

reported values in terms of carrier concentration and mobi-

lity, and [Si]� 1� 1019 cm–3, which results in high resisti-

vity.11 Except for the Si doping level, other growth

conditions were otherwise identical. The set of layer struc-

tures was complemented by a structure doped to the even

higher level of [Si]� 3� 1019 cm�3 under the same identical

growth conditions.

As already pointed out, a characteristic tensile-stress-

gradient develops in a typical AlxGa1-xN:Si/AlxGa1-xN/

AlN-on-SiC structure, which not only relaxes the initially

compressive AlxGa1-xN layer but also contributes to transi-

tion to a tensile strain.8 The onset of the Si doping is shown

to add a tensile stress component and a higher doping level

causes the built-up of a larger tensile strain near the surface

at the growth temperature.8,10 It is evident from the recipro-

cal space maps taken around the asymmetric 10–15 reflec-

tion in Al0.82Ga0.18N, Figs. 1(a)–1(c), that there is a

progressive displacement of the reciprocal lattice points

along a lower value of the abscissa, QX, which corresponds

to a larger value of the lattice constant, a. It is apparent for

the strain development in the Al0.82Ga0.18N:Si layers when a

larger SiH4 flow was added to the deposition process. At the

same time, various degree of relaxation of the growth stress

may have occurred during the cooling down of the structures,

and it is in this context that the ex-situ XRD and AFM meas-

urements have to be considered. The in-plane residual stress

associated with the doping level of [Si]� 2� 1018 cm�3 is

compressive, rXX��0.67 GPa, by considering the single

diffraction maximum contributed by the Al0.82Ga0.18N

reflection, Fig. 1(a). There is a formation of additional dif-

fraction maximum along a lower value of the abscissa QX for

the Al0.82Ga0.18N structures doped at [Si]� 1� 1019 cm�3,

Fig. 1(b), and [Si]� 3� 1019 cm�3, Fig. 1(c). This additional

diffraction maximum is representative for in-plane residual

tensile stress of rXX�þ0.82 GPa, and rXX�þ0.26 GPa,

respectively. It is interpreted here as indicative for the

TABLE I. Lattice parameters and elastic constants of AlN and GaN13 used

to calculate the AlxGa1-xN alloy composition, x, strain-free lattice parame-

ters, a0(x) and c0(x), and elastic constants Cij(x)

a0 (Å) c0 (Å) C11 (GPa) C12 (GPa) C13 (GPa) C33 (GPa)

AlN 3.11197 4.98089 395 137 107 404

GaN 3.18840 5.18500 374 138 101 395

FIG. 1. Reciprocal space maps in the vicinity of the asymmetric (10–15) re-

ciprocal lattice points measured for Al0.82Ga0.18N:Si/Al0.82Ga0.18N/AlN-on-

SiC structures doped to the level of [Si]� 2� 1018 cm�3 (a), 1� 1019 cm�3

(b), and 3� 1019 cm�3 (c). AFM images at the scale of 1� 1 lm2, (d)–(f),

taken from the top surface of the respective layer structures.

082106-2 Nilsson, Janz�en, and Kakanakova-Georgieva Appl. Phys. Lett. 105, 082106 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

130.236.83.172 On: Tue, 18 Nov 2014 14:37:51



near-surface relaxation of the tensile strain built-up in the re-

spective layers at the growth temperature.

The apparent relaxation of the tensile strain near the sur-

face of the Al0.82Ga0.18N:Si layers is reflected into their sur-

face morphology. A step-terminated surface is connected to

the case of the residual tensile stress of rXX�þ0.82 GPa,

Fig. 1(e). In comparison with the surface steps in this partic-

ular case, the surface steps in the case of the residual com-

pressive stress, rXX��0.67 GPa, appear as folded 3D-like

spiral features, Fig. 1(d), while in the case of the more

relaxed tensile stress, rXX�þ0.26 GPa, the surface steps are

totally unfolded and blurred, Fig. 1(f). It can be inferred that

the strain relaxation in the near-surface of the

Al0.82Ga0.18N:Si layers has occurred through evolution of

the surface morphology. Evolution of the surface morphol-

ogy can be driven by the counterbalance between the surface

free energy and the bulk strain energy near the surface.14 It

has been reported that both the sign and the magnitude of the

bulk strain near the surface define the surface morphology

and understood as due to compressive-strain-induced lower-

ing of the surface step free energy.14 Thereby, a tensile strain

is considered to promote a flat surface, as opposite to com-

pressive strain. In our particular case, the highest doping

level of [Si]� 3� 1019 cm�3 must have caused the built-up

of the largest tensile strain near the surface at the growth

temperature. Subsequently, this largest tensile strain drives

the most significant evolution in the surface morphology as

reflected in the totally unfolded and blurred surface steps on

the AFM image in Fig. 1(f).

Following the promotion of a flat surface on a macro-

scopic micrometer-sized scale, Fig. 1(f), further relaxation of

the top surface of the Al0.82Ga0.18N layer doped to the high-

est level of [Si]� 3� 1019 cm�3 can be related to the genera-

tion of certain faceted pits/trenches. A number of shallow

(<10 nm) faceted trenches undergoing extension and merg-

ing are noted (the inset in Fig. 1(f)), which cause the

enhanced rms-value in the respective trend in Fig. 2. The

trenches occur in addition to the incidence of nanopits domi-

nating the surface morphology at the doping level of

[Si]� 1� 1019 cm�3, Fig. 1(e). The nanopits may be related

to nanopipes as addressed further in the text. Although the

generation of the shallow faceted trenches leads to a larger

surface area, an overall relaxation is presumed due to the

local relief of the stored tensile strain energy.15,16 As

reported in previous studies, the {1–101} facets, associated

with the characteristic trenches, are elastically relaxed.15

Any final stage of surface relaxation would consist in crack-

ing of the layers as we have previously observed in the

extreme case of heavy doping of [Si]� 1� 1020 cm�3.11

We next consider the nanopits dominating the surface

morphology at the doping level of [Si]� 1� 1019 cm�3,

Fig. 1(e), and presumably related to nanopipes. It cannot be

excluded that some pits may be related to other types of

defects. It is reinforced here that the Al0.82Ga0.18N:Si layers

of pit-free morphology are conductive, opposite to the

Al0.82Ga0.18N:Si layers of pit-populated morphology, which

are highly resistive.11 It is tempting to assume that the lack

of conductivity is due to the lack of silicon incorporation at

substitutional donor sites in the lattice, while there is a pre-

dominant formation of nanopipes with SiN-related coverage.

A mechanism, leading to the formation of nanopipes with

SiN-coated sidewalls along (10–10), has been speculated on

the basis of first-principle calculations applied to GaN, and

considering the formation of stable and electrically inert

complex, whereby Ga vacancies are surrounded by Si at a

Ga site.17 We next present evidence to support the assump-

tion for the formation of facet structure within the Si-doped

Al0.82Ga0.18N layer. Gradual increase of the concentration of

oxygen, and carbon, is observed in a representative SIMS

depth profile within the Si-doped Al0.82Ga0.18N layer (Fig.

3). The gradual increase of the oxygen concentration indi-

cates the development of larger surface area available for the

adsorption of oxygen present on the surface during the

growth. It can result from favorable formation of nanopipes

with sidewalls along (10–10) within the doped layer. The

(10–10) planes are known for their potential for preferential

oxygen adsorption. 17,18 Nanopipes can be recognized by

their bright contrast in cathodoluminescence measure-

ments,20 and we have previously reported on their observa-

tion for the case of heavy doping of [Si]� 1� 1020 cm�3.11

The formation of nanopipes can be controlled by the

segregation of silicon to surface pits, and the growth kinetics

on particular crystallographic planes, yet the critical event is

FIG. 2. Root-mean-square roughness of the surface, rms (a) and in-plane re-

sidual stress, rXX (b) vs. Si doping level in Al0.82Ga0.18N layer structures

grown at process temperature of 1100 �C. The rms-values are representative

for a scale of 2� 2 lm2. Complementary data for Al0.79Ga0.21N layer struc-

tures grown at lower process temperature of 1000 �C are presented. Due to

the lower process temperature, which limits the surface diffusion, the abso-

lute rms-values in this case are generally higher. The point of the lowest

rms-value/highest value of the rXX is shifted to a higher Si doping level con-

sistent with the lower Al-content.
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the nucleation of the surface pits with lateral facets along the

slow growth planes (10–11).19 Different factors may affect

the surface roughening and nucleation of surface pits at any

stage of the growth of the Al0.82Ga0.18N layer structures, and

consequently the emergence of nanopipes. Apparently, the

onset of the Si doping favors the stabilization and develop-

ment of preferential crystallographic facets, which follows

the elaboration above about the gradual increase of the oxy-

gen concentration within the doped layer. The gradual

increase of the oxygen concentration is typically triggered

with a certain delay after the onset of the Si doping (Fig. 3),

being consistent with any transient period of facets

formation.

Change in facet structure is seen on the example of the

change of growth mode (two-dimensional to three-dimen-

sional) of GaN by the application of a short flash of SiH4.21

Opposite to that, flow of the precursor Cp2Mg is applied to

decrease the tendency for faceting in the lateral epitaxial

overgrowth of GaN.22 We observe that doping of

Al0.82Ga0.18N layers at the high level of [Mg]� 2

� 1019 cm�3 is not associated with the development of pref-

erential crystallographic facets, respectively, nanopipes and

related nanopits. The typical surface morphology of such

layers is dominated by folded steps around the surface inter-

sections of screw-component threading dislocations.23

Accordingly, these layers preserve compressive stress with

no development of additional diffraction maximum on the

reciprocal space maps, respectively, with no splitting of the

Al0.82Ga0.18N reflection in the XRD 2h-x scans (Fig. 4).

In summary, the present study delineates basic mecha-

nisms, which underlie the epitaxial growth of high-Al-content

Al0.82Ga0.18N layers doped by Si. We discuss the

development of certain facet structure (nanopipes) within

the doped layers, which is apparent at the high Si doping lev-

els implemented in this study, [Si]� 1� 1019 cm�3 and

3� 1019 cm�3. The formation of nanopipes influences the

conductivity of the layers. It is anticipated to give rise to fac-

ets with SiN-related coverage, outcompeting the incorpora-

tion of Si at substitutional donor sites in the lattice. The

formation of nanopipes and the incidence of related nanopits

on the top surface of the layers correlate with high resistivity

of the layers. We do not find evidence for kinetic stabilization

of preferential crystallographic facets when a flow of Cp2Mg,

instead of SiH4, is implemented in the doping process. Even

the highly Mg-doped layers preserve compressive stress, and

their morphology is determined by folded steps. The relaxa-

tion of the large tensile strain near the surface of the highly

Si-doped layers promotes flat surfaces.
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