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Group-III vacancy induced In,Ga;_,As quantum dot interdiffusion
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The impact of group-III vacancy diffusion, generated during dielectric cap induced intermixing, on the
energy state transition and the inhomogeneity reduction in the InGaAs/GaAs quantum-dot structure is inves-
tigated. We use a three-dimensional quantum-dot diffusion model and photoluminescence data to determine the
thermal and the interdiffusion properties of the quantum dot. The band gap energy variation related to the dot
uniformity is found to be dominantly affected by the height fluctuation. A group-III vacancies migration energy
H,, for InGaAs quantum dots of 1.7 eV was deduced. This result is similar to the value obtained from the bulk
and GaAs/AlGaAs quantum-well materials confirming the role of SiO, capping enhanced group-III vacancy

induced interdiffusion in the InGaAs quantum dots.
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I. INTRODUCTION

Over the last decade, the effect of electronic structure and
optical property modification after atomic interdiffusion of
semiconductor quantum—dot (QD) has been subjected to in-
tense research.! Atomic migration and defect diffusions be-
come prominent due to large surface to volume ratio in three-
dimensional (3D) QD islands. Significant modification of
shape, composition, strain distribution, size, and hence quan-
tum properties of QDs have been observed after a modestly
high temperature treatment.*° The interdiffusion can be ei-
ther strongly minimized or, on the contrary, be employed
intentionally to improve the crystal quality and to tune the
QD properties for various novel optoelectronic QD device
applications. In any case, an in-depth understanding of the
diffusion mechanism is fundamentally important for many
aspects of semiconductor nanostructures.

In contrast to the well-established interdiffusion in quan-
tum well (QW) structures, a comprehensive study of QD
interdiffusion remains sparse and difficult. The well-
established material characterization techniques for QW in-
terdiffusion study such as Auger electron spectroscopy,!'®
secondary ion mass spectroscopy,!' and Rutherford back-
scattering spectrometry'? are not suitable for the analysis of
interdiffusion in QD systems, primarily due to sputter ero-
sion and detection resolution limit of these techniques. Al-
though the cross-sectional tunneling and transmission elec-
tron microscopy gives an atomic-scale resolution to probe
the atomic interdiffusion, '3 this destructive technique is com-
plex and requires the measurement of large number of
samples to complete a meaningful experiment. This leads to
a large accumulative error for the highly inhomogeneous
self-assembled QDs.

A combination of theoretical diffusion model for a given
interdiffused band profile and a nondestructive photolumi-
nescence (PL) measurement has been applied to study the
kinetic interdiffusion process in QW with high sensitivity
especially at the early stage of interdiffusion.'*!> This simple
approach relies on an accurate interdiffusion model to pre-
cisely quantify the interdiffusion process by calculating the
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energy transition from the energy shift obtained from the
experiment. However, this analysis technique has not been
successfully transferred to the study of QD systems primarily
due to the lack of a reliable theoretical model for 3D inter-
diffusion calculation.'-20

In this study, we perform both experimental and theoreti-
cal studies to investigate the effect of annealing induced in-
terdiffusion in InGaAs/GaAs QD material. To probe the role
of surface diffusion, the extent of interdiffusion in QD is
locally suppressed or enhanced by the dielectric cap encap-
sulant layers, which subsequently control the surface va-
cancy generated during high temperature annealing and pro-
mote the vacancy-mediated diffusion.?!">> The experimental
results from photoluminescence (PL) and transmission elec-
tron microscopy (TEM) were correlated with the theoretical
calculation to determine the effect of interdiffusion on the
electronic energy levels and energy variation in the dot as-
sembly. The diffusion coefficient and activation energy re-
lated to the vacancy migration were determined and com-
pared to those reported results to assess the diffusion
mechanism in QD material.

II. EXPERIMENTS

The Iny¢Gay4As QDs were grown by molecular beam
epitaxy technique on Si-doped (100)-oriented GaAs sub-
strates. A 1500-nm-thick Aly;Gay;As lower cladding layer
was first grown, which was followed by a superlattice of 20
pairs of 2 nm Alj;Gay;As and 2 nm GaAs. Five InGaAs dot
layers were then consecutively grown, with each dot layer
comprising five pairs of alternating InAs and GaAs sub-
monolayers. Under a constant arsenic flux, growth was
interrupted after each monolayer in order to stabilize the sur-
face. GaAs spacers 40 nm thick were inserted between the
QD layers. The dots formation was established and moni-
tored by reflection high-energy electron diffraction. The bulk
and superlattice layers were all grown at typical substrate
temperatures of ~600 °C, while the QD layers were grown
at ~515 °C.
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QD samples were capped with 200-nm thick SiO, and
Si,N, caps deposited using plasma enhanced chemical vapor
deposition. The refractive index of the deposited SiO, and
Si,N, layers, measured using ellipsometry at the wavelength
of 633 nm, are 1.42 and 2.35, respectively. The data indicate
that a stoichiometric SiO, film is well formed while the
Si,N, film is a Si-rich film. The samples were repetitively
annealed in nitrogen ambient for up to four cycles, with
2 min per cycle, at temperatures from 650 to 850 °C using a
rapid thermal processor. References were obtained from bare
samples annealed under similar process conditions. Two
fresh pieces of GaAs proximity caps were used to provide As
over pressure during the annealing. TEM images were taken
from the (002) dark field along the [011] zone axis to analyze
the chemical composition of the quantum dots. PL spectra
were measured 77 K using 532 nm diode pumped solid state
laser as the excitation source. In the setup, the low excitation
power of less than 100 W/cm? was determined to excite
only the ground state transition (E,q_j0)-

III. THEORETICAL MODEL

We have developed a 3D quantum nanostructure model,
as detailed elsewhere,? to calculate the electronics states of
the interdiffused QDs. This model solves the Hamiltonian
using BenDaniel-Duke equation in momentum space. As-
suming an isotropic interdiffusion process as first order ap-
proximation, the interdiffusion of the indium concentration
(x) at any point in space should obey Fick’s law of diffusion.
In reciprocal space, it yields a simple solution

2,2
xg(Ly) = x& (1)

which means that the interdiffusion effect attenuates the Fou-

rier components (xg) by a factor of ¢ ¥°Li where K is the
reciprocal lattice vector that runs through all lattice points in
the reciprocal space, L, is the diffusion ler;g& representing
the degree of interdiffusion given by L,=VD,t, where D, is
the group-IIl diffusion coefficient, ¢, is the diffusion time
associated with annealing time. From Egq. (1), any
In,Ga,_,As QD parameters that vary linearly with the indium
concentration x will have similar solution. The biaxial in-
plane strains perpendicular to growth direction z and the
uniaxial shear strain parallel to z also vary according to
the alloy composition after interdiffusion.?* The change
in dot composition profile after interdiffusion modifies
the confinement profile, hence the ground state energy
transition, E,_j,0- The shift in ground state energy,
AEeo_hh():Eﬁgfgho—Efgiglo, after diffusion length L, depends
on the value of D,, which is a function of temperature. The
parameters for the as-grown QD used in the calculation are
based on a lens-shaped Iny ¢Gay4As QD configuration from
the cross-sectional TEM image of as-grown QDs as shown in
Fig. 1(a).

IV. RESULTS AND DISCUSSION

Figure 1(a) depicts the composition-sensitive (002) dark-
field TEM images from the as-grown QDs. The dislocation-
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FIG. 1. Cross-sectional (002) dark-field TEM images along the
[011] zone axis from the InGaAs QD structures: (a) as grown and
after annealing at (b) 700 °C and (c) 800 °C for 2 min.

free InGaAs dots embedded in the surrounding GaAs matrix
as revealed from the contrast in (002) dark-field image. The
average lens-shaped QDs have a height of 4.8+0.5 nm, a
diameter of 28+8 nm, and an inter-dot spacing of ~5 nm.
The size dispersion is estimated to be 10% from the cross-
sectional TEM analysis. The calculated ground state energy
transition, E,y_,u0, Oof 1.12 eV is consistent with the mea-
sured PL peak at 77 K from the as-grown QDs (Fig. 2). The
broad linewidth of 63 meV is attributed to the simultaneous
excitation from laser beam to ~10° dots, which consists of a
relatively large dot assembly with size and compositional
fluctuation. The size dispersion leads to the variation in the
luminescence energy. Our observation corroborates an earlier
report that the typical inhomogeneity of dot size at +10%
gives PL linewidth of 60-80 meV.?> The mismatch from dots
and GaAs barrier produces a strain/displacement field around
dots leading to the TEM image contrast of (004) bright field.
It reveals the compressive and tensile strain accumulation
above and below each dot, respectively.

The high temperature annealing process significantly af-
fects the band gap energy by smearing the interfaces between
QDs and GaAs barriers resulting from the interdiffusion of
In-Ga atoms. Figure 1(b) and 1(c) show TEM images reveal-
ing the structural transformation after annealing at 700 and
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FIG. 2. (Color online) The PL spectra at 77 K from the bare,
Si,N, capped, and SiO, capped QDs after annealing at (i) 650, (ii)
700, (iii) 750, (iv) 800, and (v) 850 °C. The spectrum of as grown
is included (dotted line).
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FIG. 3. (Color online) (a) The band gap shift summary after annealing for 2 min for SiO, (square) and Si,N, (circle) capped QDs. The
inset is PL spectra from SiO, capped QDs annealed repetitively at 850 °C. (b) The PL linewidth vs the band gap shift at different annealing
caps and durations. The shaded area within dashed line is a guide for eye only.

800 °C, respectively. In Fig. 1(b), QDs remain well sepa-
rated with improvement in the height uniformity after an-
nealing at 700 °C. The intermixing degree is further en-
hanced as the temperature increases from 700 to 800 °C. The
dot height becomes more uniform as annealing proceeds to
beyond the measurement limit of our TEM system. The QDs
assume a flat top and are merged into a continuous layer of
quasi well as shown in Fig. 1(c) after annealing at 800 °C.
No dislocation was observed from all annealed structures
even after the dots coalesce into quasi wells.

The structural transformation of dot subjected to interdif-
fusion alters the potential confinement, and hence the energy
transition of the annealed dots. Figure 2 depicts the PL spec-
tra from the bare (uncapped), SiO, capped, and Si,N, capped
QDs annealed at various temperatures for 2 min. The energy
blueshift was found to increase with increasing annealing
temperature for all samples. Si,N, capped QD samples ex-
hibit a lower degree of band gap shifts than SiO, capped
samples as summarized in Fig. 3(a). The shift in Si,N,
capped QDs is attributed to the intrinsic defects induced self-
diffusion in QDs.?"*? A slight increase in the intermixing
degree is observed from the bare sample annealed under
similar conditions. In addition to the intrinsic defect induced
intermixing, the small degree of intermixing observed here
might be ascribed to the arsenic loss in the bare sample even
they were annealed with GaAs proximity caps. An energy
shift as small as 14 meV has been measured from the Si,N,
capped QDs after annealing up to 750 °C. Under similar
annealing condition, a band gap shift of about 70 meV has
been observed from the SiO, capped QDs. At 850 °C and
above, the differential energy shift between the SiO, and
Si,N, capped QDs reduces, suggesting that thermal induced
interdiffusion effect dominates under this annealing condi-
tion. Systematical reduction of PL linewidth has been ob-
served from all samples. The inset of Fig. 3(a) presents PL

spectra evolution for SiO, capped QDs after repetitive an-
nealing at 850 °C for up to three cycles, for 2 min each
cycle. The arrow represents the 77 K PL peak position of the
bulk GaAs material. A blueshift as large as 290 meV has
been observed from QDs annealed for three repetitive cycles,
with the corresponding spectrum linewidth of ~16 meV.
The linewidth observed is a factor of 4 narrower than the
as-grown QDs indicating a significant improvement in dot
size dispersion for the annealed QDs. Figure 3(b) summa-
rizes the PL linewidth dependence to the QD energy blue-
shift. The linewidth stays constant for the samples with blue-
shift up to 50 meV, and drops almost linearly for samples
intermixed to more than 50 meV band gap shift.
Inhomogeneity of QDs is an intrinsic property of the self-
assembled QDs. This undesirable property contributes to the
finite linewidth broadening of the luminescence spectra.
Considering many factors that determine the electronics
states of the QDs, it is essential to identify the dominant
parameters that affect the transition state of the interdiffused
QDs. Using our model, we investigate the inhomogeneity of
QDs by evaluating the sensitivity of the various QD geo-
metrical parameters to the energy states at different degrees
of interdiffusion. These parameters are dot height (h), base
width (b), inter-dot lateral spacing (@), volume (V) and In
composition (x). Figure 4(a) summarizes the energy varia-
tion, AE%)"% ' as a result of 10% variation in corresponding
QD parameters,>-2° versus the energy shift AE,,_,, that cor-
responds to the degree of interdiffusion. In the case of the
as-grown QD (AE,y_y;0=0), in composition and height
variation are the most sensitive parameters that determine the
QDs energy variation. This result qualitatively provides an
explanation to inhomogeneity reduction techniques related to
the control of height and compositional dispersion in self-
formed QD assembly.?8-30 As the interdiffusion proceeds, the
fluctuation of In composition results in a linear decrease in
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FIG. 4. (Color online) (a) The band gap shift variation against the energy blueshift from reference lens-shaped InGaAs QDs
(b=28 nm, h=4.8 nm, a=33 nm, ¢=40 nm) with the 10% fluctuation in the QD parameters. For volume variation, the aspect ratio h/b is
kept constant. (b) The calculated QD ground state transition energy against diffusion length. The inset shows half cross section of ground
state electron probability density and the confinement potential at L, of (i) 0 A, (ii) 10 A, and (iii) 20 A.

energy variation. In the case of the height fluctuation, how-
ever, the energy variation stays constant initially, and gradu-
ally decreases as interdiffusion proceeds. This height varia-
tion effect is consistent with our experimental data of PL
linewidth evolution in Fig. 3(b), where initially the lumines-
cence linewidths (i.e, AE,q_;,0<50 meV)stay constant and
then drop as the interdiffusion proceeds. The TEM images
showing QDs with improved height uniformity after anneal-
ing is consistent with the inhomogeneity reduction of ground
state transition energies as observed from the PL spectra.
The fact that height 4 is the most sensitive parameter af-
fecting the QD energy states is not surprising since, in our
samples, the QD height is the smallest and therefore the most
critical dimension that determines the confinement potential.
Our observation is also well supported by previous
studies.”?® This result implies a possible reduction in dot
inhomogeneity using interdiffusion process especially in the
closely stacked QDs, where the wave functions of the indi-
vidual QD layers are strongly coupled and the height unifor-
mity is difficult to control during the epitaxial growth.
Interdiffusion of In and Ga atoms at the dot-barrier inter-
face causes an increase of the ground state transition energy
as plotted in Fig. 4(b). The dashed line depicts an estimated
theoretical uncertainty from our interdiffusion model. The
uncertainty reflects the reduced error at lower L; due to the
fact that for zero blueshift, the diffusion length is 0 A. At
large L, the carriers in the QD become less confined as in-
dicated by a larger spread of the wavefunction. At similar L,
thicker dot (higher &) gives a larger degree of band gap shift
than the thin dot (lower %) causing a decrease in the energy
sensitivity AEZ%% . A significant interdiffusion occurs in the
early stage of L, Beyond this, the interdiffusion rate be-
comes less pronounced. The saturation phenomenon in en-
ergy shift occurs at L,>50 A at which the transition energy

approaches the band gap energy of the GaAs bulk material
indicating a complete dissolution of dot to the surrounding
GaAs barrier,?’ that suggests a maximum band gap tunability
of 370 meV. However, before we reach this limit, at
L,~40 A the QD confinement becomes too weak so that we
fail to observe any PL signal beyond this diffusion length.
The experimental data of the annealed bare QDs were
analyzed using our numerical model that relates the energy
blue-shifts to the diffusion length. Figure 5(a) presents the
square dependence of diffusion length Li to the annealing
time 7,. Reasonably good linear fit to the data, where the
slope yield the diffusion constant D,, is obtained. It follows
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FIG. 5. (Color online) (a) Square dependence of L, as a func-
tion of annealing duration from 2 to 8 min from the bare QDs. The
solid lines represent the theoretical fit from the experimental data to
determine D,. (b) The Arhennius plot of diffusion coefficient at
annealing temperature between 550 and 900 °C for 2 min deduced
from 20-stack QDs embedded in 40 nm (50 nm) thick GaAs matrix
shown as circle (triangle) data points. Samples with SiO, (Si,N,)
cap are shown as solid (hollow) data points. '
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the Fickian diffusion process, which is independent of In
composition in QDs. Diffusion constants D, determined from
the slope of a least-square fit are 1.0X107'7 cm?/s at
650 °C, 2.0x 1077 cm?/s at 700 °C, 3.7 X 1077 cm?/s at
750 °C, and 8.7x107'7 cm?/s at 800 °C. D, increases
monotonically as the temperature increases.

The activation energy corresponds to the energy asso-
ciated with the motion and formation of defects in the
interdiffusion process. The temperature dependence of
the diffusivity can be described by Arrhenius equation
D,~exp(—E4/kT), where T and E, refer to the annealing
temperature and the activation energy, respectively. In the
case of equilibrium linear diffusion, the activation energy is
the sum of the V;; formation energy and the Vj; migration
energy (E,=Hy+H,,) in group-III atoms. The experimental
data D, is linearly fitted over 1000/7, as shown in Fig. 5(b).
For completeness, the experimental data from 20-stack QDs
embedded in 50-nm-thick GaAs matrix grown under similar
growth conditions were also included.

It has been determined that thin film porosity and stress
are two dominant effects in dielectric cap induced
intermixing.3! E, calculated from the slope of D, is
3.1£0.1 eV for both 5-stack and 20-stack Si,N, capped QDs
annealed between 550 and 900 °C. This value is in excellent
agreement with early annealing studies on Si N, capped
QWs.3233 This observation indicates that V, generated
in the Si,N, capped QD sample is minimum during anneal-
ing. The Si,N, layer used in our experiment was a dense
Si-rich film with relatively high refractive index (n=2.35).
As the film density is high, the out-diffusion of group-III
and/or group-V elements from semiconductor to the Si,N,
film is expected to be low during annealing. Further, the
difference in the linear thermal expansion coefficient be-
tween the Si,N, layer (@=2.8X 107 °C~")and GaAs-based
material (a=6.8 X 107® °C~!) is relatively small. This struc-
ture will induce small compressive strain in the QD sample
that will further lock the out-diffusion of group-III elements
into the thin film. The combination of all these effects con-
tributes to small degree of the impurity-free vacancy induced
diffusion in the QD structure. Hence, we conclude that the
blueshift observed from the Si,N, cap samples is primarily
due to the thermal shift associated with the intrinsic defects
from the epilayers and QDs.

Compared to the Si,N, cap under similar range of anneal-
ing temperature, SiO, cap gives lower diffusion barriers
and produces significantly low E, at 1.4+£0.2 eV. Compared
to the thermally grown SiO, (n=1.46), SiO, used in
our experiment has a slightly lower refractive index. This
porous film acts as an effective sink for Ga out-diffusion.
In addition, the thermal expansion coefficients of SiO,
(@=0.52X10"°°C"!) are about ten times smaller than
GaAs. The surface of QD sample is under a significant com-
pressive stress during annealing. To release the stress,”? Ga
atoms will preferentially out-diffuse into SiO, and promote
atomic interdiffusion in the QD region. Here, we attribute the
low E4 in SiO, capped QDs to the constant injection of Ga
vacancies imposed by the strain field at the semiconductor
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surface in the form of migration energy H,for In-Ga inter-
diffusion. This characteristic serves to create a high V., den-
sity near the surface to assist QD intermixing, and appears to
play a fundamental role in enhance interdiffusion in QD us-
ing the dielectric cap annealing induced intermixing tech-
nique.

The energy of group-III vacancy in-diffusion comprises
both vacancy migration energy H,, and vacancy formation
energy Hy under Si,N, capped QDs, while it only contains
vacancy formation energy H; under SiO, capped QDs. The
effective group-III surface vacancy migration energy H,, can
be extracted from the difference between activation energy
of Si,N, and SiO, capped QDs. A H,,=1.7 eV is deduced as
a consequence of the surface vacancy enhanced QD interdif-
fusion in the SiO, capped QDs. The intermixed bare samples
show an intermediate situation that is governed by the com-
bination effect of the intrinsic interdiffusion and the surface
out-diffusion due to the As loss even though the sample was
annealed with GaAs proximity caps. H,, obtained from our
analysis is consistent with the widely accepted value of
1.7-1.8 eV for GaAs vacancy migration in the bulk and
GaAs-based QW material."!>3*35 This result implies that
neither the quantum structure nor the group-III atomic con-
centration significantly affect the vacancy migration behavior
in the interdiffusion process. This also suggests the possibil-
ity of using unperturbed bulk values for vacancy migration
analysis of more complex cases of 3D QD that involve mul-
tiple cations and/or anions interdiffusion.

The dot interdiffusion is enhanced in the SiO, capped
QDs with respect to Si,N, capped QDs at low annealing
temperature regime. At high temperature annealing
T>800 °C, the diffusion coefficients between SiO, and
Si,N, capped QDs become comparable (D,~107'¢ cm?/s)
suggesting the less pronounced role of dielectric cap layers
to induce interdiffusion at the high annealing temperature.
Similar effect has been obtained from other QD
systems.?!:?23¢ The result suggests that a large differential
shift between SiO, and Si,N, capped QDs can only be ob-
tained by processing the QD samples at 7<<800 °C.

V. CONCLUSION

In summary, we have investigated the interdiffusion effect
related to surface vacancy diffusion in the InGaAs/GaAs
QDs at high temperature treatment. Annealing results in the
reduction of luminescence linewidth and the blueshift in the
ground state transition energy. From numerical analysis, we
attribute the linewidth narrowing effect to the improvement
of the quantum-dot height fluctuation. The interdiffusion be-
havior was assessed by correlating the photoluminescence
results with the 3D theoretical model. The atomic interdiffu-
sion in InGaAs/GaAs QDs follows the Fickian diffusion
process, which is independent of In composition in QDs. We
found a lower activation energy of 1.4+0.2 eV in the SiO,
cap than that of 3.1+0.1 eV in the Si,N, cap. From these
activation energies, a Ga vacancy migration energy H,, of
1.7 eV was obtained.
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