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Abstract Self-assembled InGaN quantum dots (QDs) were
grown on GaN templates by metalorganic chemical vapor deposition. 2D–3D growth mode transition through
Stranski–Krastanov mode was observed via atomic force
microscopy. The critical thickness for In0.67 Ga0.33 N QDs
was determined to be four monolayers. The effects of growth
temperature, deposition thickness, and V/III ratio on QD
formation were examined. The capping of InGaN QDs with
GaN was analyzed. Optimized InGaN quantum dots emitted
in green spectra at room temperature.
PACS 81.15.Gh · 81.16.Dn · 81.07.Ta · 78.66.Fd

1 Introduction
Solid state lighting (SSL) holds the promise of a more
energy-efficient, longer-lasting, more compact, and lower
maintenance substitute for today’s incandescent and fluorescent light sources. Since lighting currently represents about
22% of all electricity consumption, the adoption of SSL
could significantly reduce greenhouse gas emissions [1].
Light-emitting diodes (LEDs) based on the InGaN alloy are
currently the most promising candidates for realizing SSL.
InGaN is a direct wide-band-gap semiconductor with an
emission that can span the entire visible spectra via compositional tuning.

With increasing indium content (from violet to green
emission) a significant decrease in performance is observed
in light emitters based on quantum wells [2, 3]. One of the
crucial reasons is that the large lattice mismatch between
high indium content InGaN and GaN induces the generation of dislocations in the active region [2–4]. This explains
how the performance decreases for high indium content light
emitters, even on low-dislocated templates [3, 5, 6]. The use
of quantum dots may be one way to overcome these limitations in high-indium-content devices. Strain due to high
indium content can be channeled into quantum dot (QD)
formation which can decrease the overall strain otherwise
which would form dislocations [7]. Besides, optoelectronic
devices based on QDs have many advantages over those
based on QWs, such as temperature stability and higher efficiency [8].
Room temperature blue emission from QDs was reported
earlier [9, 10]. The strong luminescence from these QDs was
attributed to the exitonic transitions [11]. The blue QDs have
been integrated into LEDs [12]. However, there are few studies of InGaN quantum dots in the green spectra [13]. In this
work, we study the formation of high-indium-content InGaN
QDs, and study the effect of growth temperature, deposition
thickness and V/III ratio on QD formation. We also report
the stability of GaN capped InGaN QDs grown by Stranski–
Krastanov (SK) mode.
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The samples are grown in an AIXTRON 200/4-HT horizontal flow, low-pressure metalorganic chemical vapor deposition (MOCVD) reactor. Trimethylgallium (TMGa) and
trimethlyindium (TMIn) are the metalorganic cation precursors for Ga and In sources, respectively. Ammonia (NH3 )
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is used as the nitrogen source. All QD growths are realized
under N2 to facilitate the incorporation of indium.
The InGaN layers were grown on 2-µm-thick GaN on
double side polished (DSP) (0001) sapphire (Al2 O3 ) substrate. The growth rate was 11.8 Å/min and growth was
interrupted for 15 s under ammonia before cool down. We
studied the effect of temperature, deposition thickness, and
V/III ratio on the formation and optical quality of the InGaN
QDs.

3 Result and discussion
Atomic force microscopy (AFM) was used to study the QD
formation. Figures 1a, b, c displays the (1 µm × 1 µm)
AFM images of 5.8 monolayer (ML) InGaN grown at
734°C, 679°C, and 633°C, respectively (1 ML ∼
= 2.7 Å).
At 734°C, as seen in Fig. 1a, only island like 2-D quantum disks (Q-disks) formed. Lowering the growth temperature (Ts) further resulted in smaller disks and surface roughening (Fig. 1b). This behavior was attributed to the decrease
in adatom mobility and increase in the indium content of Qdisks. The adatom mobility decreased as a result of lowered
Ts, and indium content increased due to higher indium thermodynamic equilibrium at low temperatures. Effecting both
the thermodynamic (indium content in InGaN) and kinetic
(mobility) equilibrium on the surface, temperature is observed to be the most crucial parameter of high-quality QD

Fig. 1 AFM (1 µm × 1 µm) images of 5.8 ML InGaN grown at
a T = 734°C, b T = 679°C, and c T = 633°C
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growths. We have determined 633°C to be a proper growth
temperature for green emitting InGaN QDs.
Figures 2a, b, c displays the (1 µm × 1 µm) AFM images
of 2.9-, 4.4-, and 5.8-ML-thick InGaN grown at 633°C, respectively. At this Ts, critical thickness for QD formation
is determined to be ∼4.0 ML. Below the critical thickness,
no QDs are observed (and the surface is similar to Fig. 2a).
Above critical thickness, increasing the deposited InGaN results in increase in the density of the QDs in the expense of
uniformity (Figs. 2b, c).
The effect of V/III ratio on the surface morphology
is studied. Figure 3 displays the AFM root-mean-square
(RMS) roughness (1 µm × 1 µm ) of 4.0 ML InGaN layer
with respect to V/III ratio at Ts of 633°C. For this deposition thickness and temperature no QDs are observed. As
seen in Fig. 3, V/III ratio strongly effects the surface roughness. We have determined 13.88 × 103 , where the roughness
is maximized in Fig. 3, to be a proper V/III ratio for QD formation at 633°C.

Fig. 2 AFM (1 µm × 1 µm) images of a 2.9 ML, b 4.4 ML, and
c 5.8 ML InGaN grown at T = 633°C
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Fig. 3 AFM RMS roughness (1 µm × 1 µm) versus V/III ratio for
4.0 ML InGaN grown at T = 633°C

Fig. 4 AFM (1 µm × 1 µm) images of 5.8 ML InGaN grown at
T = 633°C with V/III ratio a 13.88 × 103 , and b 13.57 × 103

Effect of V/III ratio on QD formation is studied separately. Figures 4a, b displays the (1 µm × 1 µm) AFM images of 5.8-ML-thick InGaN grown at 633°C with V/III
ratio being 13.88 × 103 and 13.57 × 103 , respectively. As
seen, higher V/III ratio results in bigger quantum dots, similar to increased RMS roughness in Fig. 3. V/III ratio being
13.88 × 103 , increasing or decreasing V/III ratio results in
less uniform quantum dots. Thus, we have kept the V/III
ratio at 13.88 × 103 thereafter.
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Fig. 5 Normalized photoluminescence intensity versus wavelength at
room temperature for 2.4-, 3.7-, 4.0-, and 4.4-ML-thick InGaN

Maintaining the growth temperature at 633°C, and V/III
ratio at 13.88 × 103 , we have identified formation of two
different quantum structures: quantum disks and quantum
dots. When InGaN is deposited less than critical thickness of
4 ML, some kind of 2-D structure similar to Fig. 2a was observed. As the height of these structures were much smaller
than their width (as observed via AFM analyses), they are
referred to as quantum disks. Deposited more than 4 ML,
QD formation was observed via AFM (Figs. 2b, c).
The photoluminescence of the InGaN quantum structures
were studied at room temperature (Fig. 5) via 244 nm line
of Argon laser. Due to low excitation (18 W/cm2 ), the main
transition in QDs is from ground levels of conduction and
valance bands. Fabry–Perot reflections (in Fig. 5) are observed due to 2-µm-thick GaN cavity. At 558 nm calculated
Fabry–Perot peak separation is 34 nm not far from what we
experimentally observe.
At our optimized growth conditions, InGaN relaxes into
two different quantum structures, quantum disks or quantum
dots depending on the deposited thickness. For ∼2.4 ML InGaN deposition, the layer is pseudomorphic, and broad band
emission from 420 to 520 nm is observed. For InGaN deposition ≥3 ML, the layer tends to partially relax by forming
quantum disks, as shown in Fig. 2a, which leads to two distinct PL bands in Fig. 5. The first band (420–460 nm) presenting a low PL emission intensity is attributed to a wetting layer. The existence of this wetting layer is due to SK
mode. The high-intensity band has a peak at 525 nm and
corresponds to emission from the (higher indium content)
quantum disks. At a thickness of 4.4 ML, quantum dot formation occurs, as shown in Fig 2b. Two PL bands are also
observed, but the high-indium-content band corresponding
to QD emission has a longer wavelength (558 nm) than
that of the quantum disk. In conclusion, QD formation takes
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Fig. 6 AFM Surface Plot for
a 2 nm capped (1 µm × 1 µm),
b 5 nm capped (5 µm × 5 µm)
4.4 ML InGaN QDs. c Peak
photoluminescence intensity
dependence on capping
thickness

place after deposition of critical thickness of about 4.0 ML
with an apparent PL redshift. When 4.4 ML InGaN is deposited, the average size of the quantum dots are 0.8 nm in
height and 36 nm in bottom diameter, and their density is
1 × 1010 cm−2 .
In Ref. [14], the detrimental effect of quantum dot height
on radiative lifetime is reported. The strong room temperature luminescence of our QDs should be due to smaller QD
height leading to a higher overlap between electron and hole
wavefunctions. Thus, achieving high-optical-quality InGaN
QDs requires precise control of the InGaN growth rate and
is attainable at low growth rates via MOCVD.
Integrating the QDs in LEDs requires an appropriate
means of capping. A low-temperature GaN capping layer
is investigated to cap 4.4 ML InGaN QDs. For a 2-nm-thick
capping layer we can still resolve the QDs by AFM (Fig. 6a).
However, with 5-nm-thick capping, the QDs are completely
covered (Fig. 6b). The PL intensity dependence on capping
thickness is shown in Fig. 6c. When just covered, the PL intensity increases. However, a thicker capping layer reduces
the emission intensity possibly due to the absorption losses
in the thick GaN capping layer.

4 Calculation of the indium content
Iterative calculation of strain and piezoelectric effects on the
band gap are used along with ground energy levels to estimate the indium content of the InGaN QDs using experimental PL data as input. The set of parameters used in this
work could be found in Ref. [15]. Vegard’s Law is used to
interpolate values for Inx Ga(1−x) N.
The InGaN QDs are known to have trapezoidal shape,
which can be observed via transmission electron microscope
studies [16]. Thus, InGaN QDs are assumed to have a trapezoidal shape with 35° side wall angle while calculating the
ground state energies by finite-element modeling (FEM).
The relation between band gap determined from PL(EgPL )
and real compositional band gap (Egx ) is approximated as
follows:
g–g

EgPL = Egx + Ex

+ Eg

(1)

where strain and piezoelectric field effects are included
g–g
in Eg . Ex is the sum of the conduction and valance
band ground energy levels relative to their respective bands.
Finite-element modeling is used to calculate the ground energy levels of the quantum dots. Assuming an initial indium
g–g
composition, Ex and Eg is calculated giving Egx . From
this result of Egx the new indium content (xIn ) and the new
value for strain and ground states are calculated. This new
strain and ground state transition energy lead to a new Egx .
Iteration continues until indium content (xIn ) converges.
The band gap of the InGaN is calculated from
Egx = xGa EgGaN + xIn EgInN − bxGa xIn

(2)

where b = 2.77/(1 + 1.007xIn ) gives indium content dependent InGaN bowing parameter to match experimental
data [17]. The effect of strain and piezoelectric effect on
band gap at room temperature can be calculated by separating the effect of strain () and piezoelectric fields (QCSE)
as follows:
Eg = Eg + EgQCSE

(3)

As only the lowest possible transition in room temperature
is of interest, the total change in band gap due to strain could
be written as sum of the contributions from change in conduction and valance (heavy hole) bands, as in (4).

Eg = Ec − Ev,hh

(4)

For pseudomorphic wurtzite films grown along (0001)
z-axis, the nonzero strain elements are [18]
xx = yy =
zz = −

cGaN − cInGaN
cInGaN

2C13
xx
C33

(5)
(6)

where c is the in-plane lattice constant and Cij is the elastic
constant.
The change in conduction band due to strain (Ec ) is
calculated [19, 20] as
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x,y

Ec = acz zz + ac (xx + yy )


2C13
x,y
xx + ac (2xx )
= acz −
C33

(7)
(8)

x,y

where acz , and ac are hydrostatic deformation potential
constants.
The calculation [18, 20] of valance band shift due to
strain is as follows:

Ev,hh
= λ + θ 

(9)

λ = D1 zz + D2 (xx + yy )

(10)

θ = D3 zz + D4 (xx + yy )

(11)

where D1 , D2 , D3 , and D4 are deformation potential constants. By using (4, 7, 9) the effect of strain on the band
gap (Eg ) is calculated for any indium content in InGaN. Our result agrees that increasing the compressive
strain (xx < 0) increases the band gap.
Polarization related electric field has two components:
spontaneous and strain induced. Spontaneous component is
independent of the strain and dependent on the composition.
Strain induced one depends on composition via strain.
Piezoelectric field is calculated from surface charge density. The surface charge density for both components can be
calculated as [21, 22]:
z
σ z = σstz + σsp


C13
z
σst = 2 xx e31 − e33
C33
sp

sp

z
σsp
= xGa PGaN + xIn PInN

(12)

(14)

sp

σz
20 r

(15)

where 0 and r are the vacuum and relative permittivity constants. Thus change in the band gap due to electric field,
quantum-confined Stark effect (QCSE), could be approximated as [23]:
EgQCSE =

C1 (m∗e + m∗h )m0 e2 ε 2 L4eff
2

to electric field (EgQCSE ). ε is the electric field due to spontaneous and strain-induced charges. From (16), decreasing
the electric field results in a larger band gap, as expected.
By using (8, 9, 16) in (17)



Eg = Ec − Ev,hh
+ EgQCSE
(17)
and iterating, indium content is determined to be 67.4% resulting a strain of −6.3%. The minus sign of strain indicates
compressive nature. Due to small height of QDs, change in
band gap due to electric field (∼3.3 MV/cm) is on the order
of −2.0 meV whereas change in band gap due to strain is
78.4 meV. The signs indicate the opposing processes. Thus,
in QDs the effect of strain on band gap is dominant rather
than that of piezoelectric fields. From FEM simulations, the
converged ground energy levels of 0.217 eV for conduction
band and 0.158 eV for valance band (measured from their
respective bands) are reached as for In0.67 Ga0.33 N QDs.
In quantum-well-based nitride light emitters, the emission blue shifts with increasing injection current due to freecarrier screening that occurs due to the high piezoelectric
field [6, 24]. This injection-dependent wavelength shift is
undesirable for lasers as the gain structure is typically optimized for a single wavelength. Thus, QDs band gap being
less affected by electric field should help more wavelengthstable emission in nitride light emitters. As InGaN is sensitive to regrowth of GaN at high temperatures, these QDs
could be particularly beneficial in hybrid structures [3] that
employs ZnO layers grown atop of InGaN QDs at lower
temperatures than that of (In)GaN layers.

(13)

where PAN is the spontaneous polarization coefficient of binary compound AN. Piezoelectric field (ε PE ) follows the
charge density as:
ε PE =
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(16)

where C1 = −2.19 × 10−3 and Leff = 8 × 10−10 m are
used. m0 is the electron mass, e is the unit charge, and 
is the Planck’s constant over 2π . me and mh are the effective masses of the electron and heavy hole, respectively. Leff
is the effective thickness, and assumed to be the biggest QD
height not to underestimate the change in the band gap due

5 Conclusion
Stranski–Krastanow growth of InGaN quantum dots (QDs)
on GaN templates are realized. Effect of growth temperature, deposition thickness and V/III ratio on QD formation
are studied. InGaN QDs with a peak emission wavelength
of 558 nm at room temperature are realized. These QDs are
capped to be integrated into optoelectronic devices. Theoretical analysis suggests that due to low QD height, piezoelectric field effect on band gap is small which should lead to
more stable emission wavelength with injection current. InGaN QDs promises applications in conventional and hybrid
green-light emitters.
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