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10 We examine the formation and properti€ aN quantum dots (QDs) on free-standing GaN
11 and GaN/sapphire templates, with and E()J‘Kbu ied InGaN/GaN QD superlattices (SLs). We use
12 scanning tunneling microscop ar§\§9{n'ng tunneling spectroscopy to image the QDs and
13 measure their electronic states. ASI\Q\umber of layers preceding the QDs increase (i.e. increasing
14  substrate complexity), 4 @?D density increases. For free-standing GaN, STM reveals a
15  mono-modal Ql?viz i’s’tritytion, consistent with a limited density of substrate threading
16  dislocations se j.querogeneous nucleation sites. For GaN/sapphire templates, STM reveals
17  a bimodal -distribution, presumably due to the nucleation of additional ultra-small InN-
18  rich e hpéading dislocations. For multi-period QD SLs on GaN/sapphire templates, an
19 u 1 dex)sity of QDs, with a mono-modal size distribution is apparent, suggesting that QD
20 mK%)) is enhanced by preferential nucleation at strain energy minima directly above buried
21 s. We discuss the relative influences of strain fields associated with threading dislocations and
22 buried QD SLs on the formation of InGaN QDs and their effective band gaps.
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In recent years, InGaN alloys have been successfully implemented in visible light emitters
and detectors.!? Typically, the performance of InGaN quantum-well based devices is hindered by
misfit-strain-induced and spontaneous piezoelectric polarizations, both(h%l lead to the spatial
separation of electron and hole wavefunctions.? To minimize the 1 gce of strain-induced and
spontaneous polarizations, several alternative configurations zrvgx\proposed.“’5 For example,
strain-free InGaN-based nanowires on silicon have been demonstrated for light-emitters operating
from the near-IR to the visible ranges.® In addi'Cn, r cez spontaneous polarizations are
predicted in ellipsoidal-shaped InGaN quantuni«dots gas), which have non- or semi-polar
surfaces. 7 Indeed, InGaN-based QD hete\q{ tureS have been utilized for light-emitters
operating from blue to red emission ra&sﬁ.\”‘ﬁ)r conventional III-Vs, such as InAs/GaAs,

homogeneous nucleation of QDK‘[haﬁy observed. ' For QD superlattices (SLs), QD

strain energy minima directly above buried QDs, leading

nucleation often occurs prefers%
to vertical alignment of Q ith an ncrease or decrease in the regularity of QD spacing.'!> For

oW
GaN-based systems, thirea "}slocations have been reported to provide residual stresses that

£
serve as heterogerdeous QD Aucleation sites.'® In the case of InGaN/GaN QD SLs, conflicting
trends of a co sta?)%ncrease in QD density with increasing the number of QD SLs have been
reported. &' Here, we report on the formation of InGaN QDs, with an emphasis on the role of
£

D nucleation and growth. We use scanning tunneling microscopy (STM) and

eling spectroscopy (STS) to image the InGaN QDs and measure their electronic

complexity), the total QD density increases. We discuss the relative influences of strain fields
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their corresponding band offsets.

For these investigations, InGaN QDs were deposited on GaN using molecular-beam

epitaxy (MBE) using solid Ga and In sources, with an ultra-high purit/ lasma source. Single-

layer InGaN QDs were grown on free-standing n” GaN (0001) su Qs, with root mean square

(RMS) roughness < 0.5nm and etch pit densities < 5x10%c 2.“3}3«“‘&%, single-layer InGaN
T
QDs and three-period InGaN/GaN QD SLs were growaA on /AlN/sapphire templates, with

013

sections in Fig. 1, we term the QDs as “QD-freem&"’}nd “QD-template”, and the 3-period

QD SLs as “multi-QD-template”. \\

In all cases, n+ GaN buffers and &@%mers, Si-doped at ~5x10'8/cm?, were grown at

RMS roughness < 1.0 nm and etch pit densities <A0°/c As shown in the sample cross-

710 °C with a Ga flux of 2.2x1077 Forr, >ﬂbw rate of 0.66 sccm, and N2 plasma power of 350
W. For the QDs, 8 MLs of InG J&K osited at 540 °C, with a Ga flux of 4x10°® Torr, In flux
of 9x107® Torr, N2 flow ratg-of 1.33 scem, and N2 plasma power of 420 W. The targeted “global”
indium fraction for thefIn hers was xm=0.4, and atom-probe tomography (APT) of similar

£

samples suggest ?(~0. in the wetting layer.5'4

For t se?)mpxq high-resolution X-ray diffraction data were collected as a function of

azimuthal{angle, revealing negligible (i.e. <0.5°) epilayer rotation about an in-plane axis (i.e.

epila r?i\lt). refore, the vicinality of the starting surfaces is likely to be negligible. We note
tHat plasticrelaxation due to threading dislocation bending at the interface is unlikely due to the
-nggh.\' substrate offcut, the low QD growth temperatures (540 °C), and the low total thickness
of WL+QD (8ML or 4.2 nm). Furthermore, it was recently reported that plastic relaxation of

InGaN grown on free standing GaN 1is dislocation nucleation-limited, with minimal
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strain relaxation, the strain-induced polarization fields are expected to be minimal. Furthermore,
since the QDs are ellipsoid-shaped, with portions of non-(0001) oriented surfaces, the spontaneous
polarization fields are also expected to be minimal. /

Prior to plan-view STM, the samples were transferred fro ha’[mthe STM chamber
via a mobile transfer system (~10 Torr), with ambient exposureﬁﬁ{ <1 minute. Both STM
and STS were performed with commercially-available W al—}.\ ?rTrps, cleaned in-situ by electron
bombardment. STS measurements were performed uggkt}% variable tip-sample separation
method.?° All images were obtained with a sample g&a.s Vcﬂjage of -3.5 V and constant tunneling

-
current of 200 pA. We examined several STM fmages spanning > 1 um?, and acquired STS spectra

in the vicinity of InGaN QDs and\s%:(\ling InGaN wetting layers. Furthermore,
n

photoluminescence (PL) measurement W unintentionally-doped heterostructure, consisting of

{

7-period QD superlattices, revealed N ission at room temperature.

Figure 2 shows (a) a schematic and (b) a large-scale STM image of QD-free-standing, as

well as large-scale STM ‘mmages of (d) QD-template and (e) multi-QD-template. Within each QD
SL, bright and d:?; %c sponding to InGaN QDs and WL are apparent. For example, in
Fig. 2(b), a na osternh ~100 nm length, ~50 nm width, and ~6 nm height, resembling a
quantum dasSh o 30 adjacent InGaN QDs,?! is apparent. In Figs. 2(d) and 2(e), example QDs are
labelled ayit /whi«(e arrows. To determine the QD densities and size distributions, we use a
thresho mebﬁod to determine the percentage of QDs with diameters within a specific range.
Image reéions with tip-heights above 5x the RMS tip-heights of the substrate were identified as

ysWe fit the frequency as a function of QD diameter with a Gaussian distribution and used the

maximume-likelihood-estimation method to obtain the most probable QD diameter, i.e. mean QD
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and (f) QD-template and multi-QD-template. As will be discussed in more detail below, using the
QD densities and sizes from STM and the local composition measurements from STS, the indium
incorporation is equivalent for all cases. /

For QD-free-standing, the QD density is 1.6x10'%cm?, wi n@an\QB diameter of 17+3
nm. Since the substrate etch pit density is < 10%/cm?, an insufﬁcie}b% of QD nucleation sites
is provided by the substrate dislocations. Instead, homo e_Il ?ﬁ'aeleation, followed by growth

via coalescence, is expected.'® Since there is one process forSQD nucleation and growth, the

distribution of QD sizes is monomodal.

L -
For QD-template, a bimodal distributi@ diameters, with most probable values of

23+1 nm and 3+1 nm, is observed. The Cﬁ@ng densities of large and ultra-small QDs, are
clys In

1.7x10'/cm? and 5x10'%cm?, respecti is case, the RMS roughness and miscut of the
template substrate are also negligiw e etch pit density is four orders of magnitude higher
than that of the free-standing sm. We therefore hypothesize that In atom clusters are
heterogeneously nucleat ne})hreading dislocations to form ultra-small QDs.? As the ultra-

small QDs grow inx Si efthe /'n eraction energy between In clusters and threading dislocations

saturates, lead

i %twited QD size. In addition to the ultra-small QDs, large QDs nucleate

sly“away from the threading dislocations, followed by continuous growth via

coaleseence. incg'the QDs near and away from the threading dislocations have different processes
forQD cle;cion and growth, the distribution of QD sizes is bimodal.

Fblally, for multi-QD-template, the QD density is 1.8x10'%/cm?, with mean QD diameter
HSB nm. Since the distribution of QD diameters is mono-modal, with a significantly higher

mean diameter than those grown directly on the templates, a heterogeneous nucleation mechanism
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directly above buried QDs.!" Subsequently, growth via coalescence is expected. There is again
one process for QD nucleation and growth, and the distribution of QD sizes is monomodal.

In Fig. 3, normalized conductance versus sample voltage colleg{ed from the (a) QD-free-
standing, (b) QD-template, and (c) multi-QD-template are pres tea)ln allicases, the sample
voltage corresponds to the energy relative to the Fermi level. Sw as collected both in the
vicinity of the InGaN QDs and in the nearby 2D InGaN WEE:[ }a‘yuﬂs. For the InGaN WL, STS
spectra, shown as the solid-line spectra in Figs. 3(a) — 3&@@&1 well-defined band edges with
effective band gap values of 3.4+0.1 eV. On the o he(xhgndﬁsor similarly grown 2D wetting layers,
the indium fraction has been estimated as Xl% smg a quadratic deviation from a linear
interpolation of binary InN and GaN ban \f 0.69 eV and 3.4 eV, with a bowing parameter
of 2.1 eV,?* the estimated xm of 0.04 le gﬁgap of 3.2 eV. The higher effective band gap
value determined by STS is due to%NJ d band bending. Thus, to correct all other STS data
for tip-induced band bending, we multi ly each effective band gap value by a correction factor
based upon that of the w mg%)er 1.e. 3.2/3.4=0.94.

In the Vlcm f the I aN QDs, the effective band gaps are lower than those of InGaN
WL. Since bot s ai duced and spontaneous polarization fields are expected to be minimal in

the InGaN Ds e attribute the local variations in effective band gaps to local variations in the

indium-com 1tlgfl. To quantify the local indium composition, we consider the influence of tip-
induce and)aending, described above, plus the effects of quantum confinement. In particular,
W onsiéer a pancake-shaped QD, with an effective height of 1/3 of the QD diameter. Assuming
d—&h‘nensional confinement along the growth direction, with literature values for the

InGaN/GaN band offsets and effective masses,*>>*?” we estimate the effective bandgaps as
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2 where d is the diameter of the QD, and me'= 0.2me and mn'= 1.3mn are the electron and hole

3 effective masses for GaN, respectively.

4 We now discuss the effective bandgaps in the vicinity of QD-{e}sta\nding. In Fig. 3(a),

5 the normalized conductance versus sample bias voltage is plotted }e center, inner edge, and

6  outer edge of an InGaN QD, in comparison with region of In N;}Bc\sitions where STS spectra

~

7 were collected are indicated by circular symbols in Fig. 2(b). Effective band gaps of 2.1+0.1 eV,

8 2.9+0.1 eV, and 3.2+0.1 eV, corresponding to loca ndiu&qmpositions 0f 0.28, 0.11, and 0.04,

9  are observed at the center, inner edge, and outeg _edge of the InGaN QD, respectively. The
10  variations in the local indium composition@ highest values near the QD center, are
11  consistent with scanning transmission ele m}croscopy reports on InGaN/GaN QDs.? In
12 addition, similar trends have beeni;\&\fo} InAs/GaAs QD systems and attributed to lateral
13 gradients in xm.”

SR

14 For QD-template, (%Ed conductance versus sample bias voltage is plotted in Fig.
15 3(b) for the center of el’aflrj%, the edge of the large QD, and the center of the ultra-small QD,
16  in comparison wi{l{ areg of InGaN WL. In this case, effective band gaps of 2.5+0.1 eV, 3.140.1
17 eV, and 1.7 J}J}%esponding to local indium compositions of 0.21, 0.06, and 0.44, are
18  observed4t the center of the large QD, edge of the large QD, and center of the ultra-small QD,
19  respe ti\;‘gly. {o QD-template, the sum of the QD densities for large and ultra-small QDs is
20 20x10'Yc , an order of magnitude higher than the QD density of QD-free-standing, most likely
21 *d).kf‘ t.\ ¢ higher density of threading dislocations in the GaN/sapphire than in the free-standing
22 templates.'*!> For QD-template, we hypothesize that ultra-small InN-rich QDs were
23 heterogeneously nucleated near the threading dislocations, consistent with predictions of In-rich
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Finally, we discuss the effective band gaps in the vicinity of multi-QD-template. The
normalized conductance versus sample bias voltage is plotted in Fig. 3(c) for the center and edge
of the InGaN QD, in comparison with a region of InGaN WL. Here, ef{g{tive band gaps of 2.4+0.1
eV and 3.240.1 eV, corresponding to local indium compositions o .T_»)and 204, are observed at
the center and edge of the InGaN QD, respectively. We note%hq&h stimated local indium
composition at the QD center is consistent with the targe:[_i ?u‘?'ef xm. Interestingly, for the
multi-QD-template, STM reveals a mono-modal QDg@@ﬁbution and a QD density of
1.8x10'%/cm?, higher than that for QD-template. L 3

To consider possible mechanisms for t @Y;aﬁaﬁons in QD densities, we estimate

the areal density of indium atoms in the Q%f QDs for each case. Using the QD densities

and sizes from STM, the local compos ﬁ'h}nqe\a rements from STS, and a linear interpolation of

lattice parameters, we estimate &Qﬁl\

segregation of indium during the wﬂ‘of the GaN capping layers. For multi-QD-template, the

¢ indium atoms/cm?, suggesting minimal surface

QD nucleation is likely 'Ven%)the strain-fields from buried QDs, rather than the residual stress
surrounding thre?d}n iﬂoc?i s. A similar increase in QD density with increasing number of
QD layers has been réported for multi-period InGaN/GaN QD SLs grown on free-standing GaN
substrates, furthet_supporting the model for preferential QD nucleation at strain energy minima
directly:abo ¢ uriéd QDs.'® Furthermore, calculations of the formation energy for indium clusters
onGa uggést that biaxial strain impedes the formation of In-rich clusters, consistent with our
ob rvedBmono-modal QD-size-distribution in this case.?® Since the InGaN wetting layer is

}eaed to be fully strained, the thickness and composition of the wetting layer are expected to

be independent of substrate. However, near threading dislocations, fluctuations in the wetting layer
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We now discuss the effective valence and conduction band edges (CBE), which
presumably correspond to the lowest hole and highest electron confined states, En and Ee. For QD-
free-standing, QD-template, and multi-QD-template, the values of Ee {/t the center of the InGaN
QD are lower than those of the InGaN WL, as shown in Figs. 3(a), @ and (¢), respectively. In
addition, the values of Ee are position-dependent, with the loweshq% Ee near the InGaN QD
core, consistent with the higher effective xm near the core, as '?u?sed earlier.

_—

For QD-free-standing, the values of Ec (En) as a unctit)n of the lateral and longitudinal

distances across/between the QDs, indicated as x n&diré‘(}ions in Fig. 2(b), are presented as red
dots (black squares) in Figs. 4(a) and 4(b), re&%f.-}or comparison, local In composition
profiles of similar-sized QDs***? are con %ﬂdgap profiles using a quadratic interpolation
of GaN and InN bandgaps, as descri \d\?b& . Based upon the energy bandgap profile and
reported valence band offsets at IIW heterojunctions,’**! we estimate the CBE and the
valence-band edge (VBE) of a bu%lnGaN alloy, shown as the dotted line guides-to-the-eye
in Figs. 4(a) and 4(b). St @3 our measured values of En and Ee, the VBE is nearly constant
with position, wh? GBE }e reases with position away from the QD centers.

For QD—temMshown in Fig. 3 (b), the larger difference between En values of the In-
rich ultra- a%‘?%md the InGaN WL suggest a valence band offset (VBO) which agrees well
with t e.x,gﬁ/e\d)& BO of 0.58eV at the InN/GaN interface.? However, for the large QD, Ex and
the res ingX/BO is position-dependent, suggesting a complex interplay between strain and
indium cbmposition. For InGaN/GaN interfaces, first principles computations predict an increase

WBO for strained layers in comparison to those predicted for strain-relaxed layers.** Since the
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significant, resulting in the position-dependent VBO observed in this case.
In summary, we investigated the formation and electronic properties of InGaN QDs grown
on free-standing GaN and GaN/sapphire templates, with and without bufied InGaN/GaN QD SLs.

For QD-free-standing, STM reveals a mono-modal QD-size-distribiition, with*the lowest density,

consistent with a limited density of substrate threading dislocatiens setving as heterogeneous

nucleation sites. For QD-template, STM reveals a bim'(_)\ BD'ssize—distribution, due to the

nucleation of additional ultra-small InN-rich QDs nea threaajng dislocations. For multi-QD-

template, mono-modal QD-size-distributions w'th(ghe h‘fghest QD density suggests that QD

nucleation is enhanced by preferential nucleaﬁo{ ali.r-lp energy minima directly above buried

QDs. For all cases, near the QD core, @Ve band gaps are smallest and the effective

conduction band offsets are largest, cSi%nt ith the predicted higher indium fractions at the
h

~
QD core. For the moderately—sized&yt\

effective VBO is essentially independent of position,
suggesting a minimal inﬂuence%ﬁg\in tum fraction. However, for the larger QDs, the effective

VBO is position-dependét,ﬁ mably due to strain variations across the QD. This work opens
t

up opportunities fyt%}e nGaN QD dimensions, densities, and electronic states by varying

the starting su traNhe number of buried periods of QD SLs.

>
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2 Fig. 1 Schematics of InGaN QD heterostructures for (a) single-layer InGaN QDs grown on free-

4  GaN/AlN/sapphire templates (“QD-template™), and (c) three-period

5 on GaN/AlN/sapphire templates (“multi-QD-template”).
6  Fig. 2 (a) Schematic and (b) large-scale STM image of Q r@\g, as well as large-scale
_—

7  STM images of (d) QD-template and (e) multi-QD-template. Th%im ges were acquired at a sample

3 standing n” GaN (0001) substrates (“QD-free-standing”), (b) single-?r InGaN QDs grown on
GaN/GaN QD SLs grown

8  bias voltage of -3.5 V; the grey scale ranges displ ygd aJ% 15 nm, (d) 8 nm, and (e) 5 nm,

9 respectively. The x and y axes in (b) correspo thaal and longitudinal directions in Fig. 4.
10 The QD diameter distributions for (c) D}l’be@t ing, (f) QD-template, and (f) multi-QD-

-

11  template are determined from an anal ig%fs images. For (d) QD-template and (e) multi-QD-
12 template, example QDs are indicat ith hq;c.e arrows. The frequency is the percentage of QDs
13 with diameters within a speciﬁ(e\d\%'g\gFits to a Gaussian distribution are shown as solid lines,
14 with x values of (c) 0.844nd (),0.98 and 0.82. The maximum likelihood estimates of mean QD
15  diameters are (¢) 17 @eesmndmg and (f) 5 = 3 nm for multi-QD-template, calculated
16  from a total of 4‘% 6 232 number of QDs, respectively. For QD-template, a bimodal
17  distribution,0 Ddiameters is apparent, with most-probable values of 23 = 1 nm and 3 = 1 nm

18  for large a 1{1tra7small QDs, respectively.
=

19 Fig.3 Plots obnormalized conductance versus sample bias voltage, collected from the InGaN WL
20 . and.n thb vicinity of InGaN QDs for (a) QD-free-standing, (b) QD-template, and (c) multi-QD-
21 >p'l‘a‘te. For the InGaN WL, the solid-line spectra in (a) — (c) reveal well-defined band edges with
22 effective band gap values of 3.4 + 0.1 eV, slightly larger than the anticipated effective bandgap of

23 the WL, presumably due to tip-induced band-bending.?* Using a quadratic deviation from a linear

11
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of 2.1 eV, the estimated xm of 0.04 would lead to a band gap of 3.2 eV. Therefore, the local
bandgaps in the QD regions are estimated using a linear correction to effective bandgap values,
consisting of a multiplicative factor that would produce a WL bandg?[{ of 3.2 eV. For all cases,
(a)-(c), the effective band gaps at the centers of the QDs are slow t@%at the edges of the

QDs. For (b) QD-template, an effective band gap of 1.2 eV isﬁ&% to an ultra-small QD

nucleated near threading dislocations. —~

—
Fig. 4 For InGaN QDs from QD-free-standing, th GQI&QLII le energy, En, and the confined
electron energy, E., are plotted versus (a) theﬂfce\m:&‘i}ance, X, across a QD, and (b) the

longitudinal distance, y, between QDs. The )&@) inates relative to the InGaN QD is shown

in Fig. 2(b). A position-dependence of Ee&\e)\sm'observed in both (a) and (b). For comparison,
local In composition profiles of si 'lar-sh QBs* are converted to energy bandgap profiles using
"\

\epo ation of GaN and InN bandgaps, and the resulting

in both (a) and (b). Similar to the measured values of En and

a quadratic deviation from a K\éﬂ
conduction band edges (CBE) and valénce band edges (VBE) of a bulk-like InGaN alloy are shown
i ce

as the dotted line guidés to
£
Ee, the VBE is n%ly constaift with position, while the CBE decreases with position away from

the QD centers. 5\

12
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