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Abstract. We analyze the possibility for reducing the density of threading dislocations (TDs) in aporousAIN
filmsexploring numerical cal culations of thermoel astic stresses and the reaction-kinetic model of dislocation
interactions. We study the distributions of the normal and shear components of thethermoel astic stresstensor
in AIN film with triangular pores grown on Al O, substrate. We find the pore parameters that affect the
decreaseinthe TD dendity in the AIN film. We comparetheresults of theoretical cal culationswith experimental
data on TD density reduction in porous AIN/AI,O, heterostructures.

1. INTRODUCTION

AlLQ, till remains the most usable substrate material
for I11-nitride heteroepitaxy [ 1]. Dueto significant differ-
ences in the parameters of crystal lattices and thermal
expansion coefficients between film and substrate ma-
terids, in the I11-nitride film grown on Al O, substrate
arise large internal stresses, which can lead to the for-
mation and evolution of various defects including
threading dislocations (TDs). The presence of TDsin
the film is unadvisable, since TDs strongly deteriorate
carrier transport and optoel ectronic properties of semi-
conductor heterostructures and devices based on them
[1,2].

One of the most affordable waysto reduce the level
of internal stresses and the density of TDs in the I11-
nitride films is the use of patterned substrates [3]. For
instants, patterned substrates based on Al,O, were suc-
cessfully implemented for the growth of GaN [4] and
AIN [5] filmswith low TD density. The technology of
patterned substratesis based on the lateral overflowing
pre-etched I1I-nitride buffer layer [6—8]. In the result of
lateral overgrowth, pores are often formed in the semi-
conductorsfilminterior [5].

The use of aporouslayer for the subsequent growth
of the film allows to reduce the level of thermoelastic
stresses in the film occurring when the heterostructure
is cooled after the growth processis completed [9,10].
In overal, thermoelastic stresses have a great impact,
since they can control the evolution of defect structure
in the process of heterostructure growth at high tem-
peratures [11-14]. In its turn, the presence of pores in
the film can directly affect the behavior of TDs. It was
recently shown that the presence of triangular poresin
AIN filmgrownontheAl O, substrateleadsto asignifi-
cant decrease in dislocation density in the film [5]. In
this case there exist a problem in optimizing the porous
film structure for achieving the lowest possible density
of TDs.

In the previous analysis, reaction-kinetic models
were proposed to describe TD density evolution in po-
rous films, but most of them analyzed the influence of
the spherical pores [15,16]. Thus, the purpose of this
work isto construct the analytical and numerical mod-
els to estimate the effect of triangular pores on the
thermoelastic stresses and the TD density reduction in
AIN/ALQ, heterostructure.
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Fig. 1. Schematic representation of the cross section of
AIN/ALQ, heterostructure with porousfilm. L isthedis-
tance between neighboring pores, D is the base of the
pore, h, is the pore height, h, is the distance between
the pore and the film surface, h, isthe distance between
the pore and the film/substrate interface, H, is substrate
thickness. Symmetry boundary condition u=0 isshown
with blue triangles.

2. THERMAL STRESSES IN AIN/ALQ,
HETEROSTRUCTURE WITH
POROUS FILM

Consider amodél of afilm/substrate heterostructure with
triangular pores in the film, see Fig. 1. Based on the
experimental [5] data, we use the following parameters
to describe the material properties and geometry fea
tures of the heterostructure: film material is AIN,
substrate material is AlLO,, L is the distance between
neighboring pores, D is the base of the pore, h, is the
pore height, h, isthe distance between the pore and the
film free surface, h, isthe distance between the pore and
the filnvsubstrate interface, H is substrate thickness.
Since misfit stresses relax at high growth temperatures,
we cal culated thermoel astic stresses, the level of which
are usualy not sufficient for the formation of new de-
fects, however, these stresses can affect the evolution
of previously formed defects, for example, TDs.
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Tablel. Material parametersof AIN and Al O, that used
in simulation [17-19].

Parameter AIN AlLO,

C, 410GPa 497GPa
C, 149GPa 163GPa
C, 99GPa 116GPa
C, 0 22GPa

C., 389GPa 501GPa
C., 125GPa 147GPa

o, 4.2x10°K 7.5x10°K*
a 5.3x10°K 8.5%10°K

o

To calculate thermoelastic stresses, we used the
ANSY S engineering simulation software. A half two-
layer plate was chosen as the calculation model based
on the symmetry of the problem (Fig. 1). The boundary
conditions were set to a free surface expect symmetry
plane on which the normal displacement was zero,
u =0. Thermal loadswith temperature drop of 1300 °C
(which istypical for AIN growth process) were imple-
mented. The initial geometric model was divided into
finite elements (PLANE 183) by an unstructured trian-
gle mesh refined near the pore corners for obtaining
smoother distributions of stresses. The number of finite
elements was 25 thousand. The values of geometric
parameters that we used in simulation were: L =5 um,
D =15pum,h =3 um,h, =3.4pum, h,=3um,H =450 um,
thelength of the heterostructure along they axisismuch
greater than the distance between neighboring poresL;
elastic constants C, and thermal expansion coefficients
a, that were used in simulation are given in Table .

Fig. 2 shows the distribution of stress tensor com-
ponentsin AIN porous film. For analysis convenience,
part of the filmwith three poresis shown. The presence
of poresin the heterostructure leads to a redistribution
of thermoelastic stresses inside the film (in a poreless
film, the stresslevel isconstant). It isseen, that the pore
corners are the stress concentrators. In the region
between the pores, there is a significant decrease (in
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Fig. 2. Digtributions of stress componentsin AIN porousfilm. Frame (a) shows normal stresstensor componentc,

frame (b) shows shear stress tensor component O,
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absolute value) inthe level of the stress component
(Fig. 28). Moreover, the presence of poresin the film
leads to the appearance of the shear component o, of
the stress tensor (Fig. 2b).

It should be noted that stresses change sign near
the pores, which can lead to a change in the trajectory
(line direction) of the TDs closest to the pores. Similar
behavior of dislocations was observed experimentally
[5]. Inclination of TDs can lead to reactions between
didocations, exit of dislocations on the free surface of
the film, and absorption of dislocations by pores. On
the other hand, the pores can emit TDs under certain
conditions. The mechanisms described above can af-
fect the TD density in the AIN film. In Section I11, we
present a reaction-kinetic model that describes the
changein the dislocation density depending on thefilm
porosity in AIN/AIO, heterostructure.

3. THREADING DISLOCATION
DENSITY REDUCTION ON POROUS
AIN FILM

Fig. 3 showsthefilm of AIN/ALO, heterostructure with
TDs. Asmentioned in Section |1, pores can attract TDs,
changing their line direction from the normal to the
heterostructure growth plane, and, asaresult, affect the
TD density in the film. To describe such process, one
can usethe approach proposed in Refs. [15,16]. Artemiev
et al. have constructed the reaction-kinetics model for
GaN/AlLO, heterostructure with spherical pores and
suggested to consider the total dislocation density p,
consisting of three components [16]:

ptot:p1+p2+p3’ (1)

where p, isthe TD density with a vertical dislocation
linedirection (DLD) paralld to the[0001] crystallogra-
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Fig. 3. Schematic representation of the cross section of
aporousAlN filmwith TDs. histhe current film thick-
ness above the porous layer. DLD is didocation line
direction threading dislocation (TD).

phic direction; p, isthe TD density with DLD inclined
fromthe[0001] crystallographic direction; p, istheden-
sity of TDs trapped by the pores. Such division of the
total TD density is consistent with the conclusions and
assumptions made in Section |l based on thermoelastic
stress field analysis.

In the case of an AIN film with triangular pores, the
reaction kinetics model that describes the evolution of
TD density depending on the film thickness above the
porous layer acquiresthe following form:

dpl = _K|p1 - K||p3 + K|||p1p2
dh
dp
dhz = K|p1_ K|||p1p2 - K|vp§ - Kvpz ,
(2)
dp
dl: = _K||p3 + Kvpz - Kwp;
where K, are coefficients that are defined by taking

into account the physical and geometric features of the
system and dislocation behavior in special cases: D —
0 (there are no poresin the film) = p,, — p, (p, isTD
density inthefilmwithout pores); h— o= p — O(there
areno TDsinthick films); L — 0 (nofilm) = p  — 0.
Coefficient K dependsontheforce of TD attraction
to the pore and shows the number of TDs that change
DLD fromvertica (along the [0001] crystallographic di-
rection) to inclined one under the poreinfluence. Onthe
other hand, coefficient K must satisfy thelimiting case:
K,=0at D =0. Thus, coefficient K can befound as[20]:

K =

G 1 16D
o 4n(l—v) L(8D*+6DL+ %)’ (@)
p

where o isPeierls stress, G is shear modulus, v is Poi-
son ratio.

Coefficient K| is related to the probability of the
emission of vertical TDs that were trapped by pores:

K, =a b +i
" \bp+L h ) )

where o shows the ratio of emitted TDs by the pore to
those trapped. Due to the assumption that when two
TDs(with vertical or inclined DP) aretrapped, onever-
tical TD isemitted, thenO<oa < 1.

Coefficient K, characterizesthe probability of reac-
tions between vertical and inclined TDs that have not
trapped by the pores or emitted from them. Reactions
between TDs are possible when the distance between

TDs becomes less than reaction radiusr,_:

K||| = rreecl' (5)
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Fig. 4. Dependences of the normalized TD density p,/p, on the AIN film thickness h above the porous layer.
(a) initial density of TDsp, = 10" cmr? and (b) p, = 2x10° cm?. The solid, dash and dash-dotted curves correspond to
the dependence obtained at a pore height h, = 3, 4 and 5 um, respectively. Pore base D = 1.5 um, distance between
neighboring poresL = 6.5 pm.
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Fig. 5. Dependences of the normalized TD density p,/p, on the AIN film thickness h above the porous layer.
(@) initial density of TDsp, = 10" cm? and (b) p,= 2 x 10° cm The solid, dash and dash-dotted curves correspond
to the dependence obtained at pore base D = 1.5 um and distance between neighboring poresL = 6.5 um, D =3.0 um
andL=5.0pum, D =4.5umand L = 3.5 um, respectively. Pore height h, = 3 um.
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for definitenessr _ was taken equal to 100 nm. K, =D. (8)
The coefficient K, is related to the probability of
reactions among inclined TDs that do not trapped by The initial conditions for the %/Stem of differential
the pores. In contrast to the coefficient K, , the prob-  €quations (2) a h = h, are chosen as.
ability of a reaction between inclined TDs increases, L
sinceinthiscase not one but two TDsmove at an angle, P, =p,(h)=——p,
therefore, the entering of inclined TDsto reaction zone +L
ismore possible: P =P, () =0, (©)
D
K,=mr_, 6 - -
v =M 6 p, =p,(h) — P
wherem> 1.

where p is the initial density of TDs in AIN/ALO,
heterostructure without pores and correspondsto atypi-
cal experimental value of 2x10° cn?[5]).

Thetotal TD density p,, was calculated for the po-
K, =1/h,. (7) rousAlN film taking into account the following param-
eters: v =0.26; G/Gp =65, a=0.5;r _ =100nm; m=2
[5,21-23]. The values of pore height h,, pore base D,
distance between neighboring pores L, and initial TD

Coefficient K|, characterizes the probability of in-
clined TDs to be trapped by pores, and can be found
fromfilm geometry:

Finally, coefficient K, isrelated to the probability of
annihilation of two TDs that were trapped by a pore.
The coefficient can be given as pore size;
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density p were varied to estimate their impact on the
total TD density p, .

Fig. 4 shows the dependences of the normalized
total TD density p /p, on the AIN film thickness h
above the porous layer for the initial density of TDs
p,=10"cm? (Fig. 4a) and p, = 2x10° cm? (Fig. 4b) with
different pore height h; = 3+5 um. The pore base D was
taken equal to 1.5 um, and the distance between
neighboring poresL =6.5 um.

It can be seen from Fig. 4 and Egs. (4), (7), that the
pore height h; has almost no effect on the total disloca-
tion density p,,. For AIN film thickness h about 15 pm
above the porous layer, the TD density decreases to
108 cm?, whichisconsi stent with the experimental value
of 3x10% cm?[5]. Theinitial TD density p, significantly
affectsthe value of the total TD density p,  inAIN film
with pores. The higher theinitial TD density, the more
the rate of decrease of the dislocation density with in-
creasing thickness of the porous film. Also, this conclu-
sion coincideswith the conclusion made earlier for GaN
filmswith spherical pores[15,16].

Fig. 5 shows the dependences of the total normal-
ized TD density p,/p, on the AIN film thickness h
above the porous layer for the initial density of TDs
p,=10"cm? (Fig. 5a) and p, = 2x10° cm? (Fig. Sb) with
different porebase D 1.5+4.5 um, and distance between
neighboring pores L = 3.5+6.5 um. The pore height h,
was taken equal to 3 um. Due to this choice of param-
eters, the periodicity of the pore (D + L) remains un-
changed and isequal to 8 um for dependences shownin
Fig.4and Fig. 5.

Fig. 5 illustrates that the pore base D and the dis-
tance between neighboring pores L have a much
stronger effect onthetotal TD density p,, than the pore
height h. The lower theinitial TDs density, the lessthe
rate of decrease of the dislocation density with increas-
ing the porous film thickness. In the case of a suffi-
ciently highinitial TD density p,=2x10° cm?, itis pos-
sibleto achieve adecrease in the total dislocation den-
sity p,, by two orders of magnitudein filmwith L = 3.5,
D = 4.5 ym and h = 15 pum. In the case of initial TD
density p, = 10" cm™ the total dislocation density de-
creases less noticeably — that is only to 3.1x10° cm2

4. CONCLUSIONS

A numerical model that describesthermoel astic stresses
in AIN/ALO, heterostructure with a porous film, and a
reaction-kinetic model that describes the evolution of
the TD density in this heterostructure depending on
the porosity of the film have been proposed. It has been
shown that the presence of triangular poresin the film
leads to the appearance of shear component of the
thermoelastic stress tensor in the film. It has been con-

firmed that pore corners act as stress concentrators. It
has been al so shown that the presence of a stress gradi-
ent near the pores can affect the behavior of TDs.
Calculations using the reaction-kinetic model have
demonstrated that the density of TDs decreases after
their passing through the porous layer. It has been
shown that the pore height has no effect on the total
TDs density, in contrast to the density of pores in the
film. It has been found that for the base of the pore
D =4.5 umand the distance between neighboring pores
L =3.5um, thetotal TDsdensity intheAIN film(h= 15
um) decreases by two orders of magnitude in compari-
son to theinitial TDs density about 10° cm2. Thus, the
larger the base of the triangular pore and the lower dis-
tance between neighboring pores, the lower the total
TD dengity intheAIN film grown on asapphire substrate.
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