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Microcrack-induced strain relief in GaN/AIN quantum dots grown on Si(111)
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The optical properties of vertically stacked self-assembled GaN/AIN quantum dots (QD’s) grown on Si
substrates were studied by means of temporally and spatially resolved cathodoluminescence (CL). An analysis
of the CL spectra, thermal activation energies, and measured decay times of the QD luminescence was
performed near stress-induced microcracks, revealing changes in the optical properties that can be attributed to
stress-dependent variations in the band edges, the polarization field, and the oscillator strength between elec-
trons and holes. Three-dimensional 6 X 6 k-p calculations of the QD electron and hole wave functions and
eigenstates were performed to examine the influence of biaxial and uniaxial stresses on the optical properties

in varying proximity to the microcracks.
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I. INTRODUCTION

The vast potential in high-quality light emitters in the vis-
ible to ultraviolet spectral range is the main motivation be-
hind the interest in IIl-nitride quantum dot (QD) systems.
AIN/GaN QD’s are promising structures for variable-
wavelength devices possessing a high luminescence
efficiency.'™> A large difference in the band gap energies be-
tween GaN (3.4 eV) and AIN (6.2 eV) enables GaN/AlGaN
self-assembled QD’s to be ideal candidates for tunable room-
temperature light-emitting devices.!*> Another important
property of the GaN/AIN QD system is the huge electric
field induced by polarization differences, estimated at
~5.5-7 MV/cm, often present in the (0001) growth
direction.®-® The field is the source of a quantum-confined
Stark effect that induces a strong redshift in the excitonic
luminescence spectra and lowers the QD excitonic transition
energy to a value well below the GaN bulk transition
energy.>3

In this study, the optical properties of vertically stacked
self-assembled GaN/AIN QD’s grown on Si(111) substrates
were examined with temporally and spatially resolved
cathodoluminescence (CL). While the presence of thermal
stress-induced microcracks is clearly undesirable when at-
tempting to obtain high-quality thin-film growth of IlI-nitride
films and QD’s on Si substrates, the presence of microcrack-
ing, however, enables a study of potentially interesting
stress-induced energy shifts and lifetime changes in the QD
optical transitions that can be measured with a high-
resolution spatially resolved probe, such as with CL. Nor-
mally, it is difficult to locally perturb the strain tensor of
QD’s in a reliable and reproducible way, and we have found
such a way using microcracks. While stress variations in-
duced by microcracks in the Al,Ga;_,N/GaN system were
previously studied thoroughly with spatially and spectrally
resolved CL,” we present the first application of such stress
variations to GaN/AIN QD’s in this paper. We further

1098-0121/2007/75(7)/075306(6)

075306-1

PACS number(s): 78.67.Hc, 78.66.Fd, 73.21.La, 78.60.Hk

present a model of these results by using three-dimensional
(3D) 6X6 k-p calculations of the eigenstates of the
GaN/AIN QD’s in varying proximity to the microcracks.

II. EXPERIMENTAL DETAILS

The samples were grown by molecular beam epitaxy us-
ing the 2D to 3D Stranski-Krastanov growth-mode
transition.!®!" Both samples were grown on Si (111) sub-
strates and consist of AIN (30 nm)/GaN (400 nm)/AIN
(700 nm) buffer layers followed by either 40 or 85 layers of
GaN QD’s, labeled as samples S-40 and S-85, respectively.
The growth of sample S-40 (S-85) involved 18-nm- (6.7-
nm-) thick AIN barrier layers with 2.6-nm- (1.6-nm-) thick
GaN dot layers, resulting in an average dot height of ~5 nm
(~3.7 nm), as determined previously by transmission elec-
tron microscopy (TEM) measurements.'> Both samples were
terminated with a 40-nm-thick AIN capping layer. The aver-
age dot density is ~5 X 107! cm™2.12

CL experiments were performed with a modified JEOL-
5910 scanning electron microscope (SEM). The lumines-
cence was collected with a copper ellipsoidal mirror and
transferred to a 1/4-m monochromator via a flexible
solarization-resistant ultraviolet optical fiber bundle that was
designed for insertion into the SEM vacuum chamber. The
dispersed light was detected with a multialkali photomulti-
plier tube which enabled photon counting. The sample was
cooled with a closed-cycle liquid He system connected to the
SEM sample stage by a copper braid. The sample tempera-
ture was varied from 50 K to 300 K. Time-resolved CL ex-
periments were performed with the method of delayed coin-
cidence in an inverted single-photon counting mode, with a
time resolution of ~100 ps.'? Electron beam pulses of 50 ns
width with a 100-kHz repetition rate were used to excite the
sample.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.75.075306

SARUSI et al.

C E, =15 keV
rDistance (um) 0123 0123 -

L A LUA 1, =150 pA
i T=300K

$-85

CL Intensity (arb. units)

20 25 3.0 35
Photon Energy (eV)

FIG. 1. Spatially integrated CL spectra of the S-40 and S-85 QD
samples at 7=300 K. The beam current /, and electron-beam en-
ergy E;, were 150 pA and 15 keV, respectively. The resulting cal-
culated values of E, are shown by the four vertical dotted lines for
each sample which indicate distances of 0, 1, 2, and 3 wm from the
microcrack of each sample.

III. THEORETICAL CALCULATIONS USING A THREE-
DIMENSIONAL k-p METHOD

The electron and hole wave functions and eigenstates
were obtained with 3D 6X 6 k-p calculations using the
NEXTNANO3 quantum device simulation software.'* The cal-
culations utilized a 3D Schrodinger equation for wurtzite
materials including strain, deformation potentials, and piezo-
electric and pyroelectric charges, the latter of which accounts
for the polarization field. The choice of the pyroelectric
(spontaneous) constants P, will have an appreciable effect
on the resulting electric field in the QD. We employed the
material parameters used previously for calculations of the
polarization field and eigenstates in GaN/AIN QD’s,'>7 al-
though other values for the material parameters, including
those for Py, have been obtained and wused in the
literature.'8-2° The fully strained GaN/AIN QD’s were simu-
lated by minimization of the elastic energy within a con-
tinuum model approach that takes into account the symmetry
of the hexagonal crystal structure. External stresses ranging
from purely biaxial to uniaxial were used to simulate the
thermal stress in varying proximity to the microcracks. In
order to calculate the wave functions, a single-band model
for the electrons and a six-band k-p Hamiltonian for the
holes were employed. The coupling between the conduction
and valence bands was neglected, owing to the size of the
GaN and AIN band gaps.?°

IV. RESULTS AND DISCUSSION
A. Cathodoluminescence imaging and spectroscopy

Spatially integrated CL spectra of the two samples are
shown in Fig. 1. The center of gravity of the excitonic lumi-
nescence lies at an energy lower than that of GaN bulk.
Confinement conditions are expected to give rise to higher
excitonic transition energies E,. However, the strong polar-
ization field causes the excitonic transition energy to shift in
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FIG. 2. Monochromatic CL image (a) and CL decay time image
(b) of sample S-85. The beam current /, and electron-beam energy
E;, were 150 pA and 15 keV, respectively, for the CL imaging. The
gray scale bar represents the mapping of the decay time 7 in (b).

the opposite direction. Compressive stress acting on the GaN
QD, owing to the mismatch in the lattice constants between
GaN and AIN (ag,n=3.189 A and a,n=3.112 A), increases
the GaN band gap but it is the Stark effect that decreases it
strongly, even below the unstrained GaN band gap. The CL
spectrum for sample S-85 is centered at a higher energy than
that for sample S-40, as the smaller average dot size for S-85
is expected to lead to larger e-h confinement energies. A shift
of ~500 meV is observed between the centers of the two
peaks in Fig. 1. We also note here that the excitonic peak
energy positions E, for both samples are approximately in-
dependent of the e-beam position relative to the cracks.
Moreover, the strain in the QD stack is affected strongly by
the average Al and Ga compositions.?! The tensile strain of
the AIN matrix in the QD stack is expected to be larger in
S-85 in comparison to that for S-40, owing to the greater
average Ga composition in the QD stack of S-85. Therefore,
the compressive strain acting on the GaN QD’s is likewise
smaller in S-85, resulting in a smaller polarization field and
larger E, for the QD’s in sample S-85 relative to that for
S-40.

Due to the large difference in thermal expansion coeffi-
cient between Ill-nitrides and Si, microcracks form in the
[II-nitride epilayer as a result of thermal cycling from growth
to lower temperatures.”> The microcracks help relieve the
large tensile stress acting on the AIN/GaN layers. A mono-
chromatic CL image of the S-85 sample in Fig. 2(a) shows
the presence of dark line defects (DLD’s) when the imaging
energy is set to E,—i.e., the peak of the QD excitonic energy.
The DLD’s result from nonradiative recombination at the
microcracks. An analysis of the CL imaging shows an in-
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FIG. 3. The decay time 7 as a function of distance from a mi-
crocrack for samples S-40 (a) and S-85 (b). Time decay curves in a
semilogarithmic plot (upper panel) are shown for e-beam positions
both near and far from the crack (distances of ~0 and ~3 wm,
respectively, for the top and bottom curves). The calculated radia-
tive decay time 75 is also plotted in (a) and (b) to illustrate an
agreement between theory and experiment with regards to relative
changes in lifetime for various distances from the microcrack. The
values for 75 (theory) are reduced by factors of 12 and 2 in (a) and
(b), respectively, to enable a comparison between theory and
experiment.

crease in CL intensity when the e-beam approaches within
~3 um of the cracks. The thermally induced cracks created
after growth act to change the stress tensor form from biaxial
tensile stress far from the crack to nearly uniaxial tensile
stress in close proximity to the microcrack.?® Since the mi-
crocracks were formed well after growth, the QD size and
shape distribution remains unaffected by changes in the ex-
ternal stress on the AIN matrix and QD stack. The presence
of this external stress variation further enables an examina-
tion of stress-induced changes in the optical properties of the
QD’s and the attendant confinement of electrons and holes.

B. Time-resolved CL and imaging of the decay time

Time-resolved measurements of the decay of the excitonic
QD luminescence were performed, and results are shown in
Figs. 2(b) and 3. At positions far from the microcracks, de-
cay times of ~230 ns and ~1 us were measured for samples
S-85 and S-40, respectively. These long decay times are at-
tributed to the large spatial separation between electrons and
holes, as caused by the polarization field in the QD’s.?* Our
calculations show that the electron wave function is centered
near the top of the truncated pyramid and the hole wave
function is localized just beneath the wetting layer. Upon
further examination, an increase in decay time by about 50%
for both samples occurs when the e-beam approaches the
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FIG. 4. The change in the activation energy, AE,, vs distance
from a microcrack for samples S-40 and S-85. The average change
in band edge relative to the QD e-h levels, AE, from the calcula-
tions is also shown as a function of distance to illustrate the strong
correlation with AEy, which is referenced to the biaxially stressed
regions far from the microcracks. The logarithm of the integrated
QD emission intensity vs 1/kgT for samples S-40 and S-85, from
which E, is determined, is shown in the inset for e-beam positions
both near and far from the microcrack (distances Ax of ~0 and
~3 wum, respectively).

microcrack, as shown in Fig. 3, suggesting a smaller wave
function overlap near the cracks. An image showing a map of
the decay time is shown in Fig. 2(b). The image was ob-
tained over the same region as the monochromatic CL image
of Fig. 2(a) by acquiring a set of discrete monochromatic CL
images containing 320 X 240 pixels at different time win-
dows relative to the decay edge of the exciting pulse. The
decay time 7 at each pixel was obtained by a linear fit to
exp(—t/7) over the corresponding pixels in all discrete im-
ages. A clear ~50% increase in the decay time is illustrated
by bright lines in the time decay image of Fig. 2(b) that
correlate with the positions of the microcracks in the mono-
chromatic CL image of Fig. 2(a).

C. Thermal quenching of the luminescence

By examining the change in the integrated QD excitonic
emission intensity, I(7T), as a function of temperature, the
activation energy (E,) for the thermal quenching of lumines-
cence near room temperature can be determined from the
slopes of the Arrenhius semilogarithmic plots using I(7)
=1,exp(E,/kyT).?> Thermal quenching measurements of the
samples resulted in activation energies of ~44 meV and
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~76 meV for samples S-40 and S-85, respectively, in the
biaxially stressed regions far from the microcracks, as shown
in the inset of Fig. 4. As the e-beam is scanned towards the
microcracks, E, increases to values of ~65 meV and
~118 meV for S-40 and S-85, respectively, for distances
near the microcrack, as shown in Fig. 4. Thermal activation
generally reflects the thermal energy required to remove con-
fined carriers over a barrier before they can recombine radia-
tively. The change in E, is thus likely connected to stress-
induced changes in the AIN conduction and valence band
edges relative to the ground-state e-h levels in the QD (i.e.,
AE., and AE, ), as a reduced tensile stress near the micro-
cracks will lead to an increased AIN band-gap energy. AE, ,
and AE, ;, are defined as the energy differences between the
AIN conduction and valence band edges and the QD ground-
state electron and hole levels, respectively. We note that the
enhanced luminescence efficiency near the cracks in the CL
images of Fig. 2 is also consistent with a larger barrier height
that enhances carrier capture and reduces thermal reemission.
We cannot, however, preclude the possibility of a variation
of geometrical emission conditions within the microcrack re-
gions.

D. Determination of the uniaxial and biaxial stress
in the QD layers

In order to test the various hypotheses involving activa-
tion energy, carrier decay time, and strain-induced changes in
the polarization field, we now present the results of the 3D
k-p calculations. The isolated QD in our model is a single
GaN truncated hexagonal pyramid situated on a 1-nm-thick
wetting layer (WL) and embedded in an AIN matrix. The
average QD heights and volumes are known from previous
TEM investigations of these samples and are 5.0 nm and
520 nm? and 3.7 nm and 320 nm?, respectively, for samples
S-40 and S-85.!2 In our model, we have constrained these
heights and volumes to be constants in our calculations while
allowing the area of both the top and bottom square faces of
the truncated pyramid to vary independently. Essentially, the
aspect ratio of the pyramid was varied in order to enable fits
of the calculated e-h transition energies E, to the experimen-
tal values determined from the CL spectra of Fig. 1. Using
these assumptions, the QD pyramidal aspect ratio and the
AIN strain components were changed in a series of simula-
tions in order to determine the resulting uniaxial stress near
the crack and biaxial stress far from the crack in the AIN
barrier for both samples. For an in-plane biaxial tensile stress
(0=0,,=8,, 0,,=0) on an AIN film, the strain components
are given by e,=g,,=(C;;+C,—2C;*/C3)7'S, and e,
=(2C}3/ Cs3)e,,,2° where the elastic constants are given by
Wright as C[;=3960, C;,=1370, C3=1080, and Cs;
=3730 kbar.'*27 Similarily, near the microcrack, an in-plane
uniaxial stress (o,=S,, 0,,=0,,=0) is expected in which
S,=S,, where S, and S, represent the magnitude of the bi-
axial and uniaxial stresses, respectively, in the AIN film.

By performing a series of iterations that involved calcu-
lating the strain tensor components, energies E,, AE, ,, and
AE, ;,, and QD e-h wave functions for the complete truncated
pyramidal model system as a function of biaxial and uniaxial

PHYSICAL REVIEW B 75, 075306 (2007)

8_— S-40 h=5nm
7k A, =10nm’
6F A =70 nm’
5
S 4L
=3
o2p
21
I.uo'

1 F

2L

8

M

of

5¢
sS4
2 3f
21f
I.I.lo'

1F

2L

PR B T N U N S S .
10 11 12 13 14 15 16 17 18
Z (nm)

ool
1S

FIG. 5. The band-edge profile along the z direction (growth
direction) for the model truncated pyramidal QD’s of the S-40 and
S-85 samples at 7=300 K. The geometric parameters of height and
areas for the top and bottom faces for each pyramid are indicated.
The probability densities for the electron and hole wave functions
integrated over the x-y plane, \t/Je,h(z)|2, are shown to illustrate the
expected small wave function overlap. A 3D representation of the
QD truncated pyramid and isosurfaces of the e-h wave functions for
[4h,(r)|?=0.5 and |4;,(r)|[>=0.15 are illustrated in the insets.

stress in the AIN barriers, we obtained biaxial tensile stress
values S, of ~30 kbar and ~15 kbar at room temperature
for samples S-85 and S-40, respectively. The resulting calcu-
lated values of E, are shown in Fig. 1 by the four vertical
dotted lines for each sample which indicate distances of 0, 1,
2, and 3 pum from the microcrack of each sample. The mag-
nitudes of the stress values are consistent with previous re-
sults obtained in the literature for IlI-nitride films grown on
Si.22 As expected, a reduced tensile stress in the AIN barrier
is found in sample S-40 relative to S-85 as a result of the
reduced average Ga composition in S-40 relative to that for
S-85. Since the change in stress tensor, when moving from
regions of biaxial stress (greater than ~3 um from the
cracks) to uniaxial stress very near the crack, results in cor-
responding changes in AE,, and AE, ;, we plot the average
change in the band edge, AEp, where Ep=(AE, ,+AE, ;)/2,
as a function of distance from the crack in Fig. 4 to compare
with the change in the activation energy, AE,, referenced to
the biaxially stressed regions far from the microcracks. A
strong correspondence in behavior between AE, and AE,
versus distance from the microcrack is demonstrated in Fig.
4. This further supports our initial hypothesis that changes in
the thermal activation are associated with changes in the AIN
barrier band edges relative to the QD e-h levels, owing to
deep level defects in the AIN matrix that are responsible for
the thermal quenching of the luminescence.
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E. Calculation of the radiative lifetime and comparison with
the CL decay time

Due to the large polarization fields, the electron wave
function is localized near the top of the QD and the holes at
the WL under the QD,?® as shown in Fig. 5. The larger QD
(structure of sample S-40) clearly shows a reduced energy
separation between single-particle electron and hole levels in
the band profile of Fig. 5 that is expected to lead to the
observed spectral redshift of ~500 meV relative to emission
from sample S-85. The calculated excitonic transition ener-
gies E, as a function of distance for the microcracks are
shown for both samples in Fig. 1. The reduction in E, for
sample S-40 is therefore mainly due to the larger distance
over which the polarization field acts on electrons and holes.
Isosurfaces of the e-h wave functions are also illustrated in
Fig. 5 for both QD structures.

We can estimate the rate of radiative recombination by
calculating the oscillator strength of the exciton:*

2ﬁ2 2
f=—2 :

moE, "]

(1)

J d3rwi(?>(é - iv*) 0(7)

where ¢ is the polarization of the emitted light and the index
[ denotes a sum over degenerate hole levels possessing dif-
ferent spin configurations. In this calculation, we further av-
erage f over the three orthogonal polarization directions. The
total electron and hole wave functions are each composed of
envelope, Bloch, and spin components. The evaluation of the
integrals in Eq. (1) further requires calculating integrals over
the unit cells involving the Bloch s- and p-like wave func-
tions, [i.e., uy(r) and up(’)(r), respectively] for the conduction
and valence states as

Jd [moE
3 ()] _ 0=pr
fd rus(;) &X,‘up (;) - 51‘,]' 2fi2 s (2)

where &;; is the Kronecker delta (i,j vary from 1 to 3) and
E, is the Kane energy, which we take as 14.0 eV."” The total
hole wave function i,(r) can be expressed as a combination
of the basis Bloch functions for which the 6 X6 k-p Hamil-
tonian was diagonalized as follows:

(r) = E E ij(;)u,(;j)(;)sk» (3)
ko

where s, (k=0 or 1) represent the two orthogonal spin wave
functions and F| kj(r) are the six envelope functions that are
obtained from the diagonalization. Similarily, the two degen-
erate ground-state electron wave functions #,(r) are given by

lpe(;) = (P(F)ux(;)ska (4)

where ¢(r) is the electron envelope function obtained from
the 3D single-band effective-mass calculation. The oscillator
strength f was therefore calculated by substitution of Egs. (3)
and (4) into Eq. (1) and by using the conditions of Eq. (2) for
integrating the Bloch functions over a unit cell. The radiative
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lifetime is then inversely proportional to the oscillator

strength and determined by the following expression:>’
2megmoch?
TR= 22 > (5)
ne’ELf

where the fundamental constants g, my, ¢, fi, and e have
their usual meaning and n is the refractive index of GaN,
which we take as 2.29 from Ref. 30.

Further consistency in these calculations is demonstrated
by plotting the calculated radiative lifetime 75 versus dis-
tance in Fig. 3 to compare with the measured decay times 7.
The relative increase in 7 for positions approaching the mi-
crocracks is consistent with a ~50% increase in measured
decay time near the microcrack for both samples. The calcu-
lations show a factor of ~2 increase in the radiative lifetime
for each QD structure as the position is moved from a point
far from to a point near the microcracks. The calculations
also predict a larger 73, by factors ranging from 1.6 to 2.7,
than the values of 7 measured for sample S-85. A much
larger deviation between experiment and theory is observed
for sample S-40, in which an order-of-magnitude greater life-
time is predicted from the theory in Fig. 3(a). Since the pre-
dicted lifetimes range from ~13 to 28 us and are much
greater than the measured decays time of ~1-1.6 us for
sample S-40, we hypothesize that a nonradiative path asso-
ciated with defect levels in the barrier and with the observed
thermal quenching of luminescence is responsible for the
reduction in the measured decay time for this sample, and to
a lesser extent for sample S-85. This argument is supported
again by the correlation between the average change in the
band edge (AEjp) and the change in the activation energy
(AE,) for thermal quenching of the luminescence for various
positions approaching a microcrack (as shown in Fig. 4)
which confirms the existence of such nonradiative defect
states within the gap of the AIN barrier. Since the calculated
radiative lifetime is much shorter for the structure of sample
S-85, these defect levels should have a reduced effect on the
measured total decay time 7 for this sample, as observed.
Thus, the calculated relative changes in 7 caused by the
strain-induced changes in the polarization field in the transi-
tion from regions of biaxial to uniaxial stress are in agree-
ment with the experimental decay time measurements for
both samples.

V. SUMMARY AND CONCLUSIONS

In conclusion, the effects of microcrack-induced stress
changes on GaN/AIN QD’s were studied by spatially and
temporally resolved CL. Three-dimensional 6 X 6 k-p calcu-
lations of the QD electron and hole wave functions and
eigenstates were performed to examine the influence of bi-
axial and uniaxial stresses on the optical properties in vary-
ing proximity to the microcracks. A reduction of tensile
stress in the AIN barrier increases the compressive stress in
the GaN dot, resulting in a larger polarization field, larger
calculated radiative decay time, and longer measured decay
times. The change in stress also enhances the e-h confine-
ment within the QD and produces a more efficient trapping
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of carriers that leads to a higher thermal activation energy
and higher luminescence efficiency near the microcracks.
The oscillator strengths and radiative lifetimes as a function
of distance from the microcracks were calculated and com-
pared with the measured decay times. For positions ap-
proaching the microcrack, the relative changes in the calcu-
lated radiative lifetime are consistent with the relative
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changes in the measured decay times, which showed an in-
crease of ~50% near the microcracks.
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