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Abstract—This paper discusses the growth of In(Ga)As quantum dots (QDs) and nanowires by metal–organic chemical vapor
deposition and their application to optoelectronic devices. The performance characteristics of QD lasers and QD photodetectors as
well as the selective area growth of QDs for integrated devices are
reported.
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which is promising for device integration, is also demonstrated.
The growth of nanowires via the vapor–liquid–solid (VLS)
mechanism is also of great interest because it enables the flexible growth of nanoscale devices such as nanowire lasers [5],
resonant tunneling diodes [6], and single-electron tunneling
diodes [7], without the strain issues associated with bulk and QD
growth. In this paper, growth of different nanowire structures is
demonstrated, which could lead to novel device applications.

I. INTRODUCTION

II. EXPERIMENTAL DETAILS

ANOSIZED structures such as quantum dots (QDs) and
nanowires are exciting due to their increased carrier confinement and potential for improved and novel optoelectronic
devices. Two QD applications that have gained a lot of attention are the QD laser and the photodetector. Compared to their
quantum well (QW) counterparts, reduced threshold currents,
increased differential efficiency, and high-temperature characteristics are predicted for QD lasers, while high sensitivity
to normal incident infrared radiation, lower dark current, and
higher responsivity and detectivity are predicted for QD photodetectors. While many of these characteristics are routinely
demonstrated for QD devices grown by molecular beam epitaxy (MBE) [1], [2], this is not generally the case for QD devices
grown by metal–organic chemical vapor deposition (MOCVD)
[3], [4] despite its importance in industry. In this paper, we report
the growth of In(Ga)As QDs via the Stranski–Krastanow (SK)
growth mode by MOCVD, and their application to QD lasers and
infrared photodetectors. Selective area epitaxy (SAE) method,

A low-pressure (100 mbar), AIXTRON 200/4, horizontalflow MOCVD reactor was used to grow all the samples and
devices discussed in this paper. The standard precursor sources,
trimethylindium (TMIn), trimethylgallium (TMGa), trimethylaluminum (TMAl), and AsH3 were used with H2 as the carrier
gas. Silane and CCl4 were used for n- and p-type doping, respectively. The QDs were all grown on (1 0 0) GaAs substrates,
while the nanowires were grown on (1 1 1) B GaAs substrates.
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III. EPITAXIAL GROWTH OF IN(GA)AS QDS USING MOCVD
The QD formation in the SK growth mode relies on the lattice
mismatch (strain) between the material being deposited and the
substrate (see for example [8] and references therein, [9]). Arguably, the best III–V QDs are grown by MBE, where its high
vacuum deposition process allows a myriad of electron beam
techniques to observe the in situ formation of the dots. Hence,
the QD formation can be precisely controlled. In contrast, the
use of in situ monitoring techniques in MOCVD is very limited and not as well developed. Furthermore, MOCVD typically
uses higher temperatures (50 ◦ C–100 ◦ C greater) than MBE, in
order to pyrolize the precursor gases. However, higher growth
temperatures are not favorable for QD formation because of enhanced mobility of the In adatoms, which leads to the formation
of larger relaxed islands.
In MOCVD, basically all of the growth parameters influence
the QD formation. Section III reviews some of the important
growth parameters in the formation of In0.5 Ga0.5 As and InAs
QDs on GaAs (1 0 0) substrates. InAs QDs are more susceptible
to small variations in the growth conditions because of the higher
strain energy associated with these dots. The lattice mismatch
between In0.5 Ga0.5 As and GaAs is 3.6%, while it is 7.2% for
InAs on GaAs.
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Fig. 2. RT PL spectra for InAs/GaAs QDs formed using nominal coverages
of 1.85, 1.925, and 2 ML. The growth temperature was 520 ◦ C. The inset is a
plan-view TEM photograph of the 2.0-ML sample showing the formation of
dislocations (adapted from [19]).

Fig. 1. AFM images of In0. 5 Ga0. 5 As deposited on GaAs. The amount of
material deposited was (a) 3.7 ML, (b) 4.7 ML, (c) 5.7 ML, and (d) 6 ML. The
images on the left are deflection images of the surface, while the images on the
right are 3-D height plots. For all images, the horizontal scale is 1 × 1 µm.

A. Amount of Deposited Material (Coverage)
The nature of the SK growth mode implies that a few monolayers of two-dimensional (2-D) growth occurs prior to the
QD formation. The critical thickness at which this 2-D to
three-dimensional (3-D) transition occurs depends on the lattice mismatch between the layer being deposited and the substrate. For In0.5 Ga0.5 As on GaAs, it is about 4.5 monolayers
(ML) [10], [11], while for InAs on GaAs, the critical thickness is ∼1.7 ML [12]–[14]. The atomic force microscopy

(AFM) images of Fig. 1 illustrate the QD formation process
for In0.5 Ga0.5 As deposited onto GaAs at 550 ◦ C. At the lowest
material coverage of 3.7 ML, the critical thickness has not been
exceeded and only a 2-D wetting layer (WL) is present. In fact,
the step edges of the (1 0 0) GaAs substrate can be clearly seen.
Increasing the coverage to 4.7 ML results in a very low density of
dots. The dot density increases as more material is deposited until a saturation density is reached, in this case at 5.7 ML. An interesting feature observed here is that while the density increases,
the size of the dots decreases. This is because of material redistribution as more dots are formed in the vicinity of existing ones.
Further deposition of material (6 ML) leads to a decrease in the
dot density. This is because of the formation of larger clustered
islands. These larger islands tend to relax via defect formation
and grow rapidly at the expense of the surrounding defect-free
(coherent) QDs, thereby reducing their height and density.
In the case of InAs QDs on GaAs substrates, the larger strain
results in a much more rapid 2-D to 3-D transition. This is illustrated by the photoluminescence (PL) spectra in Fig. 2 for QD
samples formed at 520 ◦ C for different material coverage and a
constant deposition rate (nominally 0.25 ML/s). A general shift
to longer wavelength is observed with increasing deposition
time and indicates the formation of larger islands. At the lowest
material coverage of 1.85 ML, the QD PL intensity is very low,
while the WL peak is relatively strong. This is correlated with
a low QD density by transmission electron microscopy (TEM)
(not shown). At a coverage of 1.925 ML, the optimum QD size
and density (3 × 1010 cm−2 ) is obtained, with strong PL at
1173 nm. The PL peak continues to red-shift with increasing
coverage (2.0 ML), however, this is accompanied by a reduced
PL intensity. This has been correlated to the formation of dislocations with a density of ∼1 × 108 cm−2 . The inset to Fig. 2 is a
plan-view TEM image that shows the larger relaxed islands and
dislocations that form when too much material is deposited.
B. Growth Temperature
The QD growth is typically performed at low temperatures,
for example, around 500 ◦ C in MBE, in order to improve the
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Fig. 5. RT PL spectra of InAs QD samples grown using V/III ratios of 10, 40,
and 70 (0.25 ML/s, 520 ◦ C, 1.95 ML) (adapted from [12] and [19]).

Fig. 3. AFM (deflection) images of In0. 5 Ga0. 5 As QDs deposited on GaAs
at different temperatures: (a) 500 ◦ C (b) 520 ◦ C, (c) 540 ◦ C, (d) 550 ◦ C, and (e)
570 ◦ C. For all images, the scale is 500 × 500 nm.

PL intensity is observed at temperatures from 530 ◦ C to 550 ◦ C
indicating good quality dots. The poor PL intensity at 520 ◦ C is
likely due to poor material quality (grown-in defects), while at
the highest temperature of 570 ◦ C, the clustering as observed by
AFM leads to increased defect formation, again reducing the PL
intensity. With increasing growth temperature, a continuous shift
of the peak PL to longer wavelength is observed. This is consistent with the formation of larger islands also observed by AFM.
C. V/III Ratio

Fig. 4.
atures.

RT PL spectra of buried In0. 5 Ga0. 5 As QDs grown at various temper-

QD formation. Low QD growth temperatures are desirable for
two main reasons. First, they inhibit the adatom mobility across
the surface reducing the tendency for large, coalesced islands
to form, and second, they minimize In evaporation from the
surface. However, in MOCVD growth, lower temperatures can
also lead to more grown-in-defects due to insufficient decomposition of the precursor gas molecules. Using the standard
precursor gases AsH3 , TMGa, and TMIn, this generally requires
MOCVD to use higher growth temperatures than MBE, with the
immediate effect that larger islands and an increased number of
dislocated dots are formed [15]. In MOCVD growth, InGaAs is
normally deposited at temperatures of 600 ◦ C–680 ◦ C. In comparison, we have determined an optimum growth temperature
of ∼550 ◦ C for In(Ga)As QDs and ∼520 ◦ C for InAs QDs.
The effect of the QD growth temperature is illustrated in Fig. 3
by a series of AFM images that show In0.5 Ga0.5 As QDs grown
at different temperatures between 500 ◦ C and 570 ◦ C. With increasing growth temperature, the QD height increases from ∼1
to 5.5 nm, and the QD dot density decreases, consistent with
an increased adatom mobility. The room temperature (RT) PL
spectra for these same samples are shown in Fig. 4. Strong RT

The V/III ratio is the amount of group V source (AsH3 in this
case) to the total group III source (TMGa + TMIn), and has a
pronounced effect on the formation of QDs. In MOCVD growth,
the more volatile group V sources are always supplied in excess
(i.e., V/III ratio  1), so that the growth rate is controlled by the
amount of group III supplied.
RT PL spectra for InAs QDs grown on GaAs substrates are
shown in Fig. 5 for three different V/III ratios. To vary the
V/III ratio, only the AsH3 flow was adjusted and the other
growth conditions kept fixed (growth temperature = 520◦ C,
growth rate = 1.95 MLs at 0.25 ML/s). Increasing the V/III
ratio leads to a large red-shift of the PL wavelength. For example, increasing the V/III ratio from 40 to 70 shifts the PL
peak by 60 nm. This suggests that either AsH3 and/or its associated atomic hydrogen encourages the formation of larger
islands [16]–[18]. In MOCVD growth using hydrides, an increased group V flow is also associated with an increased concentration of atomic hydrogen. A high dislocation density of
1 × 108 cm−2 was also observed in plan-view TEM images of
samples grown using a V/III ratio of 70, which can be correlated
to the slightly reduced PL intensity [19]. Hence, it is necessary
to avoid formation of larger, ripened islands. A V/III ratio of 10
leads to extremely low intensity, blue-shifted PL, which is most
likely due to a lower dot density.
It is generally accepted in epitaxial growth of lattice-matched
systems that a lower V/III ratio increases the adatom mobility [20]. However, the role of the V/III ratio is still unclear
for self-assembled QD growth with many conflicting reports
[21]–[23]. In our case and others [22], [23], an increased QD
size is observed with increasing V/III ratios, suggesting an increased adatom mobility.
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using a GRI tend to have smaller PL linewidths compared to
fully developed dots formed with no GRI (not shown).
In Fig. 6(b), 6 MLs of In0.5 Ga0.5 As is deposited resulting in
well-developed dots. The dots are either capped immediately
or followed by a 30-s GRI (no AsH3 ) prior to capping. The
GRI again causes a red-shift of the PL peak. However, this time
the situation is more complicated with the formation of a pronounced shoulder on the long wavelength side. In the case of InGaAs QDs, the red-shift or this shoulder may be due to a combination of increased dot size and/or indium enrichment as a result
of preferential In migration from the strained WL to the QDs.
It is also worth mentioning that the presence of AsH3 during
a GRI, especially in the case of InAs/GaAs QDs leads to strong
island ripening and a dramatic decrease in PL intensity (not
shown). It has been suggested that higher AsH3 flows (and/or
its associated atomic hydrogen) destabilizes the WL leading to
the formation of large defective islands [12].
IV. SAE

Fig. 6. RT PL spectra of (a) InAs QDs grown with and without a 15-s (no
AsH3 ) growth interrupt (adapted from [19]) and (b) In0. 5 Ga0. 5 As QDs grown
with and without a 30-s (no AsH3 ) growth interrupt.

D. Growth Interrupt
A growth interrupt (GRI) involves temporarily stopping the
growth for a short period of time by removing all precursors.
Due to the high mobility of In adatoms and the high strain involved, material continues to redistribute between the QDs and
the WL (to reach an equilibrium state) after the sources are
switched off [24]–[27]. GRIs have also been reported to reduce
the defect density [12]. Typically, the deposition is stopped and
a GRI introduced just prior to QD formation (i.e., just before
the 2-D to 3-D transition) or just after the formation of QDs
(i.e., very low density). In this way, an optimum QD ensemble can be formed. However, if a GRI is introduced after too
much material has been deposited, large dislocated islands may
form.
This is illustrated by the RT PL spectra in Fig. 6(a) and (b).
In Fig. 6(a), InAs is deposited so that the 2-D to 3-D transition
is just exceeded (i.e., so that a low density of “undeveloped”
dots is formed). The dots are either capped immediately or
followed by a 15-s GRI (no AsH3 ) prior to capping. With no
GRI, only a low density of dots formed with low intensity PL at
1158 nm. The GRI clearly allows further material redistribution
and development of the QDs, with strong red-shifted PL at
1209 nm. The WL intensity at 944 nm is also reduced and blueshifted confirming that material is redistributed from the WL to
the QDs during the interrupt period. Both spectra in Fig. 6(a)
have a similar linewidth of ∼95 nm. However, dots formed

SAE is a promising technique to deposit material of different thicknesses and compositions on different parts of the
same wafer through patterning [28]–[30]. This eliminates the
butt-joint problem of the traditional etch-regrowth technique
for fabricating integrated photonic devices. Typically, in SAE,
the substrate is patterned with a dielectric layer (such as SiO2 ).
Growth does not take place over the dielectric layer. Hence, the
growth species migrate toward the mask openings. By changing
the widths of the masks and the openings between the masks,
the growth rate in the opening region may be enhanced in a controllable fashion. In addition, a composition gradient may also
develop in the openings due to the different adatom mobilities.
Hence the in-plane bandgap can be controlled for the integration
of optoelectronic devices.
The mask used in this paper consists of pairs of SiO2 stripes
of varying dimensions. For the results discussed here, the opening or spacing between the two SiO2 stripes is fixed at 50 µm,
while the stripe width is varied to adjust the growth enhancement. The SiO2 is deposited at 300 ◦ C by plasma-enhanced CVD
and patterned by standard photolithography and subsequently
etched in a buffered HF solution. Further details may be found
in [31]. Fig. 7 shows AFM images of uncapped In0.5 Ga0.5 As
QDs formed in the 50-µm openings with various stripe widths.
The amount of InGaAs deposited is 3.4 ML (in an unpatterned
region), which is less than the 4.5-ML critical thickness required
for the 2-D to 3-D transition to take place for In0.5 Ga0.5 As on
GaAs. Therefore, in regions far away from the mask [Fig. 7(a)],
where there is no growth enhancement, only a thin QW (WL)
is formed. For the smallest oxide stripe width of 5 µm, there is
only minimal diffusion of the growth species into the openings,
which is not sufficient to increase the thickness of material deposited beyond the critical thickness of 4.5 ML. However, as
the mask width is increased to 12 µm, there is enough diffusion of growth species into the opening to effectively increase
the thickness of deposited material to exceed the critical thickness for the 2-D to 3-D transition to take place. Hence, a low
density of QDs is observed [Fig. 7(c)]. As the mask width is
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Fig. 8. 77-K CL spectra for (a) In0. 5 Ga0. 5 As and (b) InAs QDs deposited in
a 50-µm opening region between two SiO2 stripes of different widths.

Fig. 7. AFM (deflection) images of In0. 5 Ga0. 5 As QDs formed in a
50-µm opening between two SiO2 stripes of widths (W ) (b) 5 µm, (c) 12 µm,
(d) 25 µm, (e) 35 µm, and (f) 50 µm. Also shown are images of the growth
surface of an unpatterned substrate (a) and a schematic of the mask geometry
used in this work (g).

further increased, the density of the QDs starts to increase until
a saturation level is reached at around a stripe width of 35 µm
[Fig. 7(e)] at which large dislocated islands begin to appear. As
more material diffuses into the opening with further increase
in the mask width [Fig. 7(f)], it is preferentially drawn into
these energetically favored large incoherent clusters to further
increase their size and density. Similar effects are observed if
the openings are reduced to smaller dimensions. In this case,
the saturation of QD density (and formation of larger dislocated
islands) occurs at a correspondingly smaller mask width.
Fig. 8(a) shows the cathodoluminescence (CL) spectra from
the buried InGaAs QDs similar to the samples considered earlier with three different oxide stripe widths. The spectra were

collected at 77 K from the middle region of the 50-µm openings.
Two peaks were observed in all the samples, corresponding to
the WL and the QD emission. The QD peak gradually red-shifts
(as the dots get larger) with increasing oxide stripe width but
saturates when the width is 70 µm. The shift in the WL peak,
however, is more prominent and this is attributed to a change in
the composition on the WL with increasing stripe width. Since
the mobility of In and Ga adatoms are very different, in regions where the oxide width is larger, it is expected that more
In adatoms will diffuse into the openings than Ga. Hence, the In
mole fraction of the WL is increased, thereby red-shifting the
emission peak. This is further confirmed by the results for InAs
QDs (described later), where the WL peak remains essentially
constant since only In adatoms are involved in this case.
Fig. 8(b) shows the 77-K CL spectra for samples of InAs
QDs grown on prepatterned GaAs substrates. The thickness of
InAs deposited is 1.2 ML (on unpatterned substrates), which
is smaller than the critical thickness of 1.7 ML for the 2-D to
3-D transition to take place in the InAs/GaAs system. In regions
where the stripe width is 15 µm, QD formation is not observed
as indicated by a narrow signal at 880 nm (WL peak) due to
insufficient material diffusion from the SiO2 to form QDs. For a
stripe width of 25 µm, this WL becomes thicker and the emission
peak red-shifts. Also, this WL peak overlaps with a broader
peak. The broader peak on the long wavelength side is attributed
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to QDs that are just beginning to form. Further increase in the
SiO2 stripe width results in more material diffusion into the
opening and the QDs become larger and denser as indicated by
the red-shift of the broad QD peak. However, the sharp WL peak
remains at the same position. Finally, when the stripe width is
too large (70 µm), the QD peak does not seem to red-shift further
suggesting a critical size and density have been achieved and
any further material will only result in the formation of large
dislocated islands.
V. QD LASERS
Over the past decade, many of the advantages predicted for
QD lasers [32], [33] have been demonstrated. For example,
low threshold currents of the order of 20 A/cm2 per dot layer
[34]–[36] and high thermal stability with characteristic temperatures as high as 300 K at room temperature [36]–[38] have been
reported. However, it is still difficult to achieve all of the characteristics discussed earlier in one device, with only a few such
reports [36], [37]. Most reports show a high susceptibility of the
QD lasers to excited state lasing, which is associated with both
higher threshold currents and reduced efficiencies [39]–[42].
This excited state lasing is due to the limited ground state gain
provided by the QDs and the higher gain provided by the excited states and even the WLs [43]. To overcome this limitation,
low-loss cavity designs (e.g., long cavities and high-reflection
coatings) are often used. However, this leads to poor differential
efficiencies unsuitable for higher power operation [34], [35]. A
better alternative is to increase the overall QD density and hence
ground state gain by stacking multiple dot layers [40], [44].
In Section V, we compare the properties of thin p-clad lasers
incorporating either three or five stacked layers of In0.5 Ga0.5 As
QDs. The dot layers are separated by 30-nm GaAs spacers and
smoothing procedures used to planarize the growth front of each
spacer layer prior to deposition of the QDs. This results in a
strong RT PL from the stacked QD layers with similar emission
wavelength and linewidth as that of a single layer. InAs QD
lasers are briefly compared to the In0.5 Ga0.5 As QD lasers at the
end of Section V, but show the same general behavior.
The thin p-clad laser structures are grown and processed into
4-µm ridge waveguide structures. Thin p-clad laser structure has
several advantages. It allows lower Al content cladding layers
to be used and also reduces the growth time for the layers above
the QDs. This is important because the QDs are very sensitive
to the growth temperatures used for the overlayers with their
emission blue-shifting strongly at temperatures above 650 ◦ C.
The top p-cladding AlGaAs layers are also grown at 650 ◦ C,
much lower than the optimal 750 ◦ C growth temperature used
for the lower n-cladding layers, in order to minimize this effect.
Further details on the thin p-cladding laser structure can be
found in [45] and [46].
A. InGaAs QD Lasers
The lasing spectra for a three-stacked QD laser structure with
different cavity lengths are shown in Fig. 9. The devices are
tested at RT under pulsed conditions (25 kHz, 2 µs) and the
lasing spectra recorded at 1.1 Ith . With decreasing device length

Fig. 9. Lasing spectra for a three-stacked In0. 5 Ga0. 5 As QD laser at various
cavity lengths. Measurements were taken at room temperature under pulsed
conditions (25 kHz, 2-µs pulse width) and the spectra taken at 1.1 Ith (adapted
from [46]).

Fig. 10. (a) Lasing wavelength and (b) inverse differential efficiency versus
cavity length for three- and five-stacked In0. 5 Ga0. 5 As QD lasers.

and hence increasing cavity losses, the emission wavelength
shows a continuous shift to shorter wavelength due to state
filling effects. This indicates that the shorter devices are lasing
from excited states due to insufficient ground state gain. At
the longest cavity length of 3 mm, the lasing wavelength is
approaching that of the PL peak, indicating that the cavity losses
are now low enough for near ground state lasing.
Fig. 10(a) compares the shift in lasing wavelength with cavity length for a three- and five-stacked QD laser. Clearly, the
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Fig. 12. Light output versus injected current curve for an In0. 5 Ga0. 5 As and an
InAs QD laser. Both devices are 2.7-mm long with three-stacked layers of QDs.
The lasers were tested at room temperature under pulsed conditions (25 kHz,
2-µs pulse width).

Fig. 11. Edge facet electroluminescence from In0. 5 Ga0. 5 As QD laser.
(a) Three-stacked (adapted from [47]). (b) Five-stacked.

increased gain volume enables the five-stacked device to consistently lase at longer wavelength than the three-stacked device
for any given cavity length. Also the five-stacked devices continue to lase from the ground state at much shorter cavity lengths.
Additional insight into the laser operation and state filling effects can be gained by monitoring the electroluminescence with
increasing injection current up to threshold. Fig. 11(a) and (b)
shows electroluminescence spectra for a three- and five-stacked
QD laser of similar length (∼1 mm), respectively. In the case of
the three-stacked laser, a gradual saturation of the ground state
is visible followed by the onset of at least one excited state,
with lasing eventually occurring from this excited state. In the
case of the five-stacked laser structure, the ground state gain is
sufficiently high so that no excited state spontaneous emission
is observed and lasing occurs from the ground state. A clear
blue-shift of the electroluminescence peak, for both the ground
and excited dot states is observed as the injection current is increased. Our modeling studies have shown that this blue-shift is
primarily a consequence of the large QD size distribution and
Fermi–Dirac-like carrier population of the dots [47]. With increasing carrier injection, smaller QDs with higher lying energy
states are increasingly populated. A built-in electric dipole may
also contribute slightly to the blue-shift [3], [48]. QDs are frequently reported to have a nonuniform In composition and either
a lens or truncated pyramid shape. Modeling has shown this to
result in a built-in electric field across the QD, in a direction

opposite to the growth direction [49], [50]. This built-in electric
dipole causes a reduction in the ground state gain as carriers
have to compensate the field before maximum gain is achieved.
Fig. 10(b) compares plots of inverse differential efficiency
versus cavity length for the same three- and five-stacked QD
lasers. From a least square fit of the data in Fig. 10(b), the internal quantum efficiency was calculated to be 83% and 93% for
the three- and five-stacked QD lasers, respectively. The higher
efficiency for the five-stacked structure is likely due to a reduced
population of the excited states, which, in turn, reduces carrier
escape from the QDs to the WL. The internal losses were also
determined to be 7.4 ±1.2 cm−1 and 5.9 ± 1.7 cm−1 for the
three- and five-stacked lasers, respectively, indicating that an
increased number of QD layers does not increase the scattering losses. For a fixed cavity length, the threshold current for
the five-stacked device is consistently smaller than that for the
three-stacked device (not shown) consistent with an increased
ground state gain.
B. InAs QD Lasers
Lasers have also been fabricated from stacked layers of
InAs QDs and are briefly compared in this paper with the
In0.5 Ga0.5 As QD lasers. The higher lattice mismatch and strain
in the InAs/GaAs QD system imposes more severe restrictions
on both the QD growth conditions and the growth conditions
used for the overlayers. As a result, the top AlGaAs cladding
layers of the InAs QD laser structure have to be grown at 600 ◦ C,
50 ◦ C lower than that used for the In0.5 Ga0.5 As QD lasers. This
results in poorer quality AlGaAs cladding layers and a doubling
of the threshold current as shown by the L–I curves in Fig. 12.
This is attributed to a reduced injection efficiency of carriers
into the active region due to increased carrier recombination in
the cladding layer [51].
VI. QD INFRARED PHOTODETECTORS
Another important application of self-organized QDs
is the infrared photodetectors that are used for midwavelength (3–5 µm) and long-wavelength (8–14 µm) photon
detection [52]–[57]. Compared with their more developed
QW counterpart, QD infrared photodetectors (QDIPs) offer
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Cross-sectional TEM image of the 15-layer QDIP structure.

Fig. 15.

Fig. 14.
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77-K spectral response from the 10- and 15-layer QDIPs.

improved device performances such as sensitivity to normal
incidence infrared radiation, lower dark current, and higher
responsivity and detectivity owing to the discrete nature of
carrier confinement in QDs [58], [59]. However, in order to
increase the light absorption in QDIPs, multiple QD layers
(> 5) are normally required. Issues like strain accumulation and
easy formation of dislocations could be detrimental to device
application, making the dot growth even more challenging especially for MOCVD where higher growth temperatures are used,
as discussed in earlier sections. To the best of our knowledge,
among the few reports on MOCVD-grown QDIPs [60]–[64],
there is only one group that has demonstrated fully characterized
InGaAs/InGaP QDIPs with excellent performance [62]–[64].
The results from two n-i-n QDIP structures [65], [66] with
10- and 15-layers of In0.5 Ga0.5 As QDs are presented in Section VI. The QD layers were formed by depositing 5.7 MLs of
undoped InGaAs and were separated by 50-nm GaAs barrier
layers. The stacked dot layers were sandwiched between two
highly Si-doped top (300 nm) and bottom (1000 nm) GaAs contact layers. The other growth details can be found in [65]. Fig. 13
shows a cross-sectional TEM photograph of the 15-layer QDIP
structure where no obvious formation of lattice defects such as
dislocations can be observed, confirming the excellent material quality. Fig. 14 shows the 77-K normal incidence spectral
response from the two devices measured with a fourier transform infrared spectrometer and a low-noise current preamplifier.
The two devices exhibit similar peak wavelengths and spectral
linewidths. The 10-layer sample peaks at 5.9 µm (210 meV)

77-K dark current characteristics for the 10- and 15-layer QDIPs.

with 31% linewidth (∆λ/λ), while the 15-layer device peaks
at 6 µm (207 meV) with 25% linewidth, suggesting that the
growth of the additional five layer of dots has little influence
on the formation of QDs and their properties. The large energy
spacing and broad linewidth suggest that both QDIPs have a
bound-to-continuum transition and this has been confirmed by
theoretical simulations [66]. In addition, the broadening of the
spectrum is also a result of the nonuniform size distribution of
the self-organized QDs.
The dark current characteristics of the samples are shown in
Fig. 15. To make a direct comparison between the two samples,
the dark current density is plotted as a function of the applied
electric field (instead of bias voltage). Within the applied electric
field (−4 × 104 V/cm <E<4 × 104 V/cm), the 15-layer device
shows a much lower dark current density than that of the 10-layer
device. In our QDIP structures, the QDs are undoped and the
carriers are supplied through background doping and electron
injection from the contact layers. At small electric fields, as
the electric field is increased, more electrons populate the QDs,
resulting in an increase in the average sheet electron density and
hence an increased dark current [51]. When a large fraction of
the QD states are filled, further increase of the electric field does
not significantly change the sheet electron density. However,
it will lower the energy barrier for injected electrons, thereby
causing some increase in dark current. For the 15-layer QDIP,
the average sheet electron density of the QDs is lower than that
of the 10-layer QDIP under the same electric field, because of
the larger number of QD layers. Therefore, a lower dark current
density is observed in the 15-layer sample. As more and more
dot states are filled because of the injection of electrons from
the contact layer, the dark current increases rapidly to the same
level as that of the 10-layer device.
Similarly, because of the lower average sheet electron density
under the same electric field, lower responsivity is obtained
in the 15-layer QDIP than in the 10-layer QDIP, as shown in
Fig. 16(a). The overall performance of the detectors, which is
represented by specific detectivity, is plotted in Fig. 16(b). A
maximum peak detectivity of 1.6 × 109 cm · Hz1/2 /W with the
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Fig. 16. (a)
QDIPs.

Peak responsivity and (b) detectivity for the 10- and 15-layer

corresponding peak responsivity of 6.9 mA/W are obtained from
the 15-layer device, showing a slightly better performance than
the 10-layer one, which has the maximum peak detectivity of
1.2 × 109 cm.Hz1/2 /W and a corresponding peak responsivity
of 5.6 mA/W. This is comparable to the reported value (1.5 ×
109 cm · Hz1/2 /W) of a similar Al-free InAs/GaAs QDIP grown
by MBE [67], demonstrating the good quality of our MOCVD
QDIPs.
On the basis of these results, increasing the number of dot layers does not seem to lead to significant improvements in device
performance. This is in contrast to several other reports [68], [69]
that demonstrate excellent performance for devices with 30 and
70 dot layers, respectively. In our QDIPs, the active region is
undoped, whereas in [68] and [69], the dots are directly doped.
This indicates that the supply of carriers may not be sufficient
for our 15-layer QDIPs, which is also consistent with the much
lower responsivity of this device. Hence, superior performance
for the 15-layer QDIPs may be possible with further optimization of the doping scheme. Finally, the photoconductive gain
may also vary with the number of QD layers, possibly limiting
the ultimate improvement in QDIP performance with increasing
dot layers.

The anisotropic growth of silicon whiskers via the VLS
growth mechanism was discovered by Wagner and Ellis four
decades ago [70]. According to this mechanism, a small
(micrometer-sized) Au particle on the semiconductor surface
(Si) forms a eutectic liquid alloy with the host material at growth
temperature. The liquid droplet is an ideal sink for reaction
species supplied from the surrounding vapor and is readily supersaturated with reaction species. The precipitation of reaction
species predominantly occurs at the liquid/solid interface and
leads to highly anisotropic growth.
The kinetics of VLS growth mode was extensively investigated in the 1970s. Specifically, the correlation between silicon
whisker height and the diameter of the Au liquid droplet was
explained in terms of the Gibbs–Thomson effect [71]. Recently,
some scientists have noticed the importance of these quasione-dimensional (1-D) structures if micrometer-sized whiskers
are scaled down to nanowires [72]. In addition, axial and radial heterostructure nanowires have been proposed as promising nanobuilding blocks for future optoelectronic devices [73].
Nanowire lasers [73], [74], resonant tunneling diodes [74], and
single-electron tunneling diodes [75] have been demonstrated.
Though the achievements in III–V nanowires are remarkable,
their growth mechanism is still in controversy. One of the research groups has proposed the vapor–solid–solid growth mechanism rather than the VLS mechanism [75]. Nanowires have
been fabricated via laser ablation [72], MBE [76], chemical
beam epitaxy [74], and MOCVD [77], [78]. MOCVD may be
a potentially important growth technique for nanowires fabrication due to its versatility.
Our experiments start with undoped GaAs (1 1 1) B substrates that are functionalized by dipping in 0.1% poly-L-lysine
(PLL) solution. Commercially available Au colloid liquid is
dispersed on the substrate surface. The PLL acts as a positively
charged polyelectrolyte that attracts the negatively charged Au
nanoparticles and immobilizes them on the substrate surface.
Prior to nanowire formation, the substrate is annealed in situ at
600 ◦ C under AsH3 ambient to desorb surface contaminants and
to promote the eutectic Au/Ga alloy formation.
Fig. 17 shows field emission scanning electron microscope
(FESEM) images of GaAs nanowires grown at various temperatures (390 ◦ C–510 ◦ C), taken with the substrates tilted 45◦ from
the electron beam. A 30-nm Au colloidal solution was used. The
nanowire height increases with increasing growth temperature
up to 480 ◦ C and then decreases at higher temperatures, while
tapering of the nanowires increases continuously. Tapering is
due to the effect of radial growth. If the growth of nanowires is
dominated by the reaction species impinging directly on the Au
nanoparticles on the top of the nanowires, ideal 1-D nanowire
growth is achieved without any tapering. However, a significant amount of reaction species could also have arrived at the
nanowire sidewall or (1 1 1) B substrate and diffused toward
the Au nanoparticle. During the migration process, the incorporation of the reaction species into the (1 1 1) B surface and
nanowire sidewall takes place at high growth temperature. This
incorporation, known as the 2-D growth, results in the tapering.
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Fig. 17. 45◦ tilt FESEM images of GaAs nanowires with various growth
temperatures of (a) 390 ◦ C, (b) 410 ◦ C, (c) 450 ◦ C, (d) 480 ◦ C, and (e) 510 ◦ C.
Scale bars are 1 µm.

Fig. 19. 45◦ tilted FESEM image of InAs nanowires on GaAs (1 1 1) B
substrate. The inset shows the top view. Scale bar is 1 µm.

Fig. 18. 45◦ tilted FESEM image of (a) core GaAs nanowires and (b) core/shell
GaAs/AlGaAs heterostructure nanowires. Scale bars are 1 µm. A schematic
illustrates the GaAs/AlGaAs core/shell structure.

properties can be confirmed from hexagonal/triangular cross
sections as shown in the inset. However, irregular substrate surface due to InAs 2-D growth can also be observed. This 2-D
growth affects the nanowire growth and leads to nanowire height
nonuniformity. In addition, a large tapering of InAs nanowire is
observed due to highly mobile In reaction species on the (1 1 1)
B surface.
VIII. CONCLUSION

◦

The decrease of apparent nanowire height at 510 C is due to the
increase of 2-D growth at (1 1 1) B substrate. From Fig. 17, the
optimized growth temperature is in the range of 420 ◦ C–450 ◦ C
with very little tapering and reasonable uniformity.
Another interesting class of nanowires is the core-shell
heterostructure nanowires. Fig. 18(a) shows GaAs nanowires
grown by using 50-nm gold colloidal solution. After the growth
of the core GaAs nanowires at 450 ◦ C, the growth temperature is
increased to 650 ◦ C followed by the deposition of Al0.27 Ga0.73
As. Sidewall (2-D) growth dominates over the 1-D growth at
Au/nanowire interface at this high growth temperature. Therefore, this Al0.27 Ga0.73 As layer forms a shell layer surrounding
the core GaAs nanowire. Fig. 18(b) shows the FESEM image of core/shell GaAs/AlGaAs heterostructure nanowires. This
class of nanowire structure might be useful for surface-emitting
nanowire lasers.
It is predicted that freestanding III–V nanowires with high
crystallographic perfection can be grown even on highly latticemismatched substrates due to radial expansion/contraction of
the lattice constant. Indeed, successful fabrication of III–V
nanowires on Si/Ge substrates has been demonstrated [79].
Though there are large thermal, chemical, and structural mismatches between two highly dissimilar materials, high crystallographic and optical quality has been reported [80]. Fig. 19
shows the FESEM image of our InAs nanowires grown on
GaAs (1 1 1) B substrate. Despite large mismatch of 7.2%, InAs
nanowires are successfully grown and their crystallographic

We have investigated the effects of the main MOCVD growth
parameters on QD formation. Each has a large impact on the
nucleation process and needs to be carefully chosen in order to
achieve device-quality QDs. SAE results also showed that the
bandgap of these In(Ga)As QDs can be selectively tuned to have
different bandgaps in different regions of the same substrate that
is promising for integrated devices. These In(Ga)As QDs have
been successfully incorporated into both diode lasers and infrared photodetectors, with good device performance. A maximum peak detectivity of 1.6 × 109 cm · Hz1/2 /W was measured
for 15-stacked infrared photodetectors, close to that reported
for MBE-grown devices of similar structure, while the fivestacked QD lasers showed ground state lasing for cavity lengths
of 1.2 mm. Finally, the growth GaAs and InAs nanowires and
core/shell GaAs/AlGaAs heterostructure nanowires have been
demonstrated and they look promising for nanoscale devices.
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