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Highly relaxed GaN nanodots and submicron ridges have been selectively grown in the NSAG regime
using MOVPE on lattice mismatched 6H–SiC and AlN substrates. 2D real space and 3D reciprocal space
mapping was performed with a CCD detector using 10.4 keV synchrotron X-ray radiation at the 2-ID-D
micro-diffraction beamline at Advanced Photon Source (APS). Calibration procedures have been devel-
oped to overcome the unique challenges of analyzing NSAG structures grown on highly mismatched sub-
strates. We studied crystallographic planar bending on the submicron scale and found its correlation with
strain relaxation in the NSAG ridges.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Progress in nanotechnology depends on adequate characteriza-
tion tools, such as synchrotron radiation high resolution submicron
beam X-ray diffraction [1–4], which is highly sensitive to discern-
ing differences in strain and structural parameters [5]. There is cur-
rently a drive to grow group III-nitride nanostructures on highly
mismatched substrates [6]. Nondestructive characterization of
these structures, while important, and has thus far remained a
challenge.

Traditionally, nanostructures are characterized en masse, by
illuminating a collection of structures and analyzing the diffracted
intensity. Sharp peaks strongly suggest uniformity in crystal struc-
ture within each nanostructure and across the array. Any broaden-
ing in the peaks indicates non-uniformity, though it is impossible
to decouple non-uniformity within each structure from inhomoge-
neity across the group without making often bold assumptions
about the symmetries of the structures [7]. However, many of
All rights reserved.

x: +33 3 87 20 39 40.
nanno).
these assumptions are not justified due to complex strain gradients
arising from equilibrium between surface and elastic energy in the
case of nitride growth [8,9].

Recently, individual micron-scale structures have been mea-
sured by high resolution submicron beam X-ray diffraction [2,3].
To isolate individual structures, fluorescence excited by synchro-
tron beam is first used to map the concentration of elements which
exist in the structures of interest. Fluorescence mapping easily dis-
cerns high concentrations which correspond to microstructures,
even if the substrate is comprised of the same material. However,
as we will discuss below, this approach is not always applicable to
nano-selective-area grown (NSAG) structures.

Measurement and calibration procedures for overcoming the
unique challenges inherent to X-ray diffraction analysis of NSAG
dots and ridges on mismatched substrates are the prime focus of
this paper. This approach allowed us to locate the NSAG structures
in the field, eliminate misalignment between the nanostructure
position and the axis of rotation for the h arm of the goniometer,
accurately calculate strain in the regime of lattice mismatched sub-
strates, and correct for misalignment of the charged coupled device
(CCD) detector plane with the goniometer sphere.
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2. Samples

Our samples are comprised of GaN nanodots and submicron
ridges nano-selectively grown using metal organic vapor phase
epitaxy (MOVPE) on the (0 0 0 1) surfaces of 6H–SiC (samples #1
and #2) and AlN-on-sapphire (sample #3) substrates using an ar-
ray of 100 nm circular apertures and 120 � 7600 nm2 stripe-
shaped openings etched into the 140 nm thick, 10 � 10 lm2 SiO2

masks. The samples were grown in a MOVPE T-shaped reactor
[10] at 1000 �C using trimethylgallium and ammonia as gallium
and nitrogen sources, respectively. Samples #1 and #3 were grown
with a pressure of 450 Torr, and sample #2 was grown with a pres-
sure of 100 Torr. More details on the sample growth process can be
found in Ref. [11], and sample properties are summarized in Table
1.
3. Challenges

Before one can characterize NSAG structures, one must locate
them on the macroscopic-scale substrate. Because achieving selec-
tivity of group III-nitrides requires using tiny mask regions, there is
always a rough quality ‘‘field” of layer material grown directly on
the bare substrate. Finding a 10 � 10 lm2 region of NSAG struc-
tures is not trivial, especially when the roughness of the field is
on this same length scale.

When the structures of interest are very small (and the spatial
resolution requirements very high), slight misalignment between
the sample surface and axis of h rotation cannot be ignored. If
the misalignment is not properly corrected, the focused beam foot-
print will wander across the sample surface during rocking curve
measurements.

There is also the matter of calculating strain of the nanostruc-
tures without a nearby fully relaxed reference signal. Because the
SiC and/or AlN substrates are highly mismatched with respect to
GaN nanostructures, one cannot simply scan a small 2h range
around the layer signal and calibrate strain to the nearby substrate
signal. For example, when using a 10 keV light source, the nearest
sapphire-originating signal is over 10� away in 2h from the (0 0 .4)
signal of fully relaxed GaN. Slight misalignment between the goni-
ometer and actual reciprocal space axes can be ignored for lattice-
matched growth, but becomes quite significant for angular ranges
of this scale, especially for the qx direction in reciprocal space.

A CCD detector is the only feasible way to perform 3D reciprocal
space mapping (RSM) in any reasonable amount of time, and map-
ping CCD pixels to angles relative to those reported by the goniom-
eter on which the detector is mounted is complicated by
misalignment between the CCD detector and the goniometer
sphere. To correct for this, one must determine the full geometry
of the misalignment and apply the appropriate transformations
to the experimental data.
4. Setup

2D real space and 3D reciprocal space mapping was performed
using 10.4 keV synchrotron X-ray radiation at the 2-ID-D beamline
Table 1
Growth conditions and measured strain for our samples.

Sample Substrate Pressure (Torr) Field thic

#1 6H–SiC 450 400
#2 6H–SiC 100 400
#3 AlN 450 600
of Argonne Photon Source. The beam was focused using a zone
plate to a �240 nm spot with 180 arc sec divergence. Note that
there is always a trade off between angular resolution (divergence)
of the beam and real space resolution (spot size on the sample sur-
face). Our beam position on the nanostructures was controlled by
monitoring Ga–K fluorescence, which was emitted by the GaN
nanostructures. An XYZ sample stage enabled lateral sample posi-
tioning with 50 nm precision. Diffracted intensity was collected
by a CCD detector, whose pixel positions were mapped to v and
2h diffraction angle values using the substrate and straight beam
signals as references for calibration. A CCD detector with inter-pix-
el distance corresponding to �8 arc sec was mounted on the goni-
ometer and used to collect diffracted photons. Reciprocal space
coordinates were calculated relative to the theoretical values of
the bulk GaN [12]. We chose to measure the (0 0 .4) reflection of
GaN nanostructures because it provided a strong signal with a rea-
sonably small beam footprint, which varies with r/sin hB, where r is
the beam size of 240 nm and hB is the Bragg angle for a particular
diffraction order. This setup affords a strain accuracy of ±0.0003. A
fluorescence detector was positioned near the sample. The setup is
shown in Fig. 1.

The positions of the 10 � 10 lm2 masks surrounding the NSAG
structures were indicated on the substrate surface by a system of
Fe markers. Fe was deposited in a crosshair pattern in the field part
of the wafer. This pattern provided an easy way to cross-reference
the XYZ stage system and the sample coordinate systems by mon-
itoring Fe–K fluorescence (6.4 keV) while scanning the sample.
Once the Fe markers were mapped, we knew quite precisely where
the mask is located, and a fine and tight mapping of Ga–K fluores-
cence in that region quickly revealed the mask position. Mapping
this area at the Bragg conditions revealed the profiles of the indi-
vidual nanostructures (Fig 2c).
5. Correcting for sample-goniometer misalignment

When the NSAG structures, which are located at the sample sur-
face, are not exactly at the axis of rotation for the h arc, rocking the
sample during diffraction measurements will cause the beam foot-
print to wander the sample surface, often by as much as a few mi-
crons, which is greater than the size of the structures being
studied. This also creates a situation where the beam footprint is
not precisely at the center of the goniometer detector sphere, caus-
ing apparent wandering of the diffracted signal in 2h. This problem
of bringing the sample surface to the axis of rotation of the h arc
was solved by adjusting the sample stage elevation (along z direc-
tion in Fig. 3) until the local Ga fluorescence profile was constant
under sample rocking. Then the precision with which the beam
foot print remains stationary on the sample surface for a given
rocking measurement is equivalent to the movement of the fluo-
rescence profile caused by rocking the sample over the desired
range.

A second source of error is related to imperfect mounting of the
sample on the XYZ stage. Fig. 3 shows how tilting of the h0 0 .1i
direction of the sample mounting around the straight beam (y) axis
leads to tilting of the true 2h and v axes. By knowing the theoret-
kness (nm) Strain (±0.0003)

Dots Ridges Field

�0.0004 �0.0005 �0.0006
�0.0011 �0.0012 �0.0015
�0.0003 �0.0005 0.0000



Fig. 3. Qualitative effect of sample tilting around the straight beam axis on actual v
and 2h arcs in the reciprocal space of the sample (blue) relative to goniometer arcs
(black). z direction is the sample stage elevation; y direction is the direction of the
straight, undiffracted beam. Tilting of the sample mounting by w around the
straight beam direction causes the same tilt in reciprocal space relative to the
goniometer space. Finding in the goniometer system the position of two reference
signals whose theoretical positions in reciprocal space are known allows us to
calculate and correct for w, determining the reciprocal space. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. (a) SEM image of the surface of sample #3, showing the shape and
arrangement of the mask and apertures and the NSAG GaN structures grown on top.
(b) Higher resolution SEM of selected dots on sample #3. (c) Lateral map of dot
region in sample #3 using GaN (0 0 .4) diffraction optimized for the rightmost dot.

Fig. 1. Experimental setup at the 2-ID-D beamline. Silicon mono., silicon mono-
chromator; BS, gold beam stop; PZP, phase zone plate; OSA, order sorting aperture;
GaN NSAG, our sample; Flr. det., fluorescence detector; CCD, CCD detector.

1 For interpretation of color in Figs. 3–5, the reader is referred to the web version of
this article.

322 P.L. Bonanno et al. / Nuclear Instruments and Methods in Physics Research B 268 (2010) 320–324
ical Bragg conditions of two substrate reflections, (vBragg,1, 2hBragg,1)
and (vBragg,2, 2hBragg,2), and noting the measured positions of these
reflections in the goniometer coordinate system, (v1, 2h1) and
(v2, 2h2), we can determine the degree of tilting and map the
(v, 2h)gonio values reported by the goniometer into corresponding
actual (v, 2h) values in the reciprocal space of the sample.

Fig. 3 shows an example in which two symmetric substrate
reflections are measured. It can be shown that:

w ¼ arcsin
cos 2h1 � cos 2h2 � sinðv1 � v2Þ

sin 2hBragg;1 � 2hBragg;2
� �

 !
; ð1Þ

where w is the angle between the goniometer and true reciprocal
space coordinate systems. Then, the goniometer coordinate system
(v, 2h)gonio can be mapped to the actual reciprocal space coordinate
system by:

v
2h

1

0
B@

1
CA ¼ Ryð�wÞ

vgonio

2hgonio

1

0
B@

1
CA; ð2Þ

where Ry represents a rotation around the y (straight, undiffracted
beam) axis in Cartesian space.

6. Mapping a misaligned CCD detector to reciprocal space
coordinates

A CCD detector mounted on a goniometer has six degrees of
freedom (DOF), three translational and three rotational. Each of
these are shown in red1 in Fig. 4a and b, and are described in the fig-
ure caption. All six DOF must be measured and corrected for in order
to convert the CCD image into diffraction data. Solving this problem
means determining and applying the parameters necessary to map
CCD pixel positions (x, y) to (Dv, D2h) values, which are relative to
the (v, 2h) goniometer readings.

Since these DOF are entirely with respect to the goniometer and
not the sample, they can all be deduced using the straight beam,
with no sample mounted. We captured multiple CCD images of
the straight beam for different goniometer positions along each
of the two arcs 2h = 0 and v = 0, and recorded the pixel position
of the straight beam signal on the CCD image for each. Fig. 4a illus-
trates our CCD pixel coordinate system, with Dxp and Dyp directed
roughly along the positive Dv and D2h directions, respectively (the
difference being described by the DOF c). The CCD center,
(Dxp, Dyp) = (Dv, D2h) = (0, 0), comprises two DOF and is defined
to be the pixel position of the beam spot at the goniometer position
(2h, v) = (0, 0). Fig. 4a shows the CCD coordinate system and Fig. 4b
defines the DOF parameters a, b, c and L. Descriptions appear in the
figure caption.

Fig. 4c shows the geometry for movement along the v = 0 arc.
As we increase the 2h position of the CCD on the goniometer
sphere, the straight beam signal traces out a line in the negative
D2h direction. Note that this is not necessarily equal to the Dyp

direction, because of tilting of the CCD detector in c. Note also that
the displacement of this signal from the CCD center along the D2h
direction will not necessarily be a linear function of 2hgonio because
of tilting in a. In fact, it is the deviation from linearity that will
determine a.

Let Dy2h be defined as the offset from (Dxp, Dyp) = (0, 0) along
the D2h line, such that Dy2h and Dyp have the same sign. For each
CCD image along v = 0, the Dy2h value of the beam spot was found.
Simple geometry reveals that Dy2h must be a function of L and 2h:
Dy2h = �L sin 2h/cos(2h � a). By plotting Dy2h/sin 2h versus 2h for
sufficiently many 2h positions, we can see the plot �L/cos(2h � a),
and L and a can be extracted from the maximum of this plot, which
will occur at (2h, Dy2h/sin 2h) = (a, �L) (see Fig. 4d).

An analogous procedure can be used to obtain b. Let Dxv be de-
fined like Dy2h, but along the Dv line and having the same sign as
Dxp. By moving the goniometer through different v positions on
the 2h = 0 arc, and recording Dxv for each position, we can plot
Dxv/sin v and extract b and (redundantly) L from the maximum
in the same way as done for a.

To obtain c, we looked at the CCD images from the v = 0 arc
(used when determining a), and found the angle by which the lin-
ear fit of data is tilted with respect to the line Dxp = 0. Clearly,
c = arctan(�Dxp/Dyp), where (Dxp, Dyp) is a position of the straight
beam signal on any CCD image on this arc.



Fig. 4. (a) CCD coordinate system, including origin, pixel axes, and true (Dv, D2h)
axes. Note that positive Dxp is directed roughly in positive Dv, and not in the usual
right-hand Cartesian direction. (b) Three rotational and one translational degrees of
freedom of the CCD detector (light grey) with respect to the goniometer arcs. The
other two translational degrees are the origin of the CCD detector. L is the distance
from the center of the goniometer sphere to the center of the CCD detector. a is the
angle between the D2h axis of the CCD detector and the 2h arc. It is in the clockwise
direction around the v arc. b is the angle between the Dv axis of the CCD detector
and the v arc. It is in the counterclockwise direction around the 2h arc. c is the angle
between the Dyp axis of the CCD detector and the 2h arc of the goniometer. It is in
the counterclockwise direction around the L vector. (c) Geometry of the Dy2h

position of the straight beam signal under motion along the 2h arc of the
goniometer. The dotted line represents the CCD plane for a = 0 (perfect alignment).
Simple geometry shows that the experimentally determined function
Dy2h(2h) = �L sin 2h/cos(2h � a). (d) Plots of Dy2h(2h)/sin 2h for different a values.
At the maximum, Dy2h/sin 2h = �L and 2h = a, determining those two values. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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All DOF of the CCD detector relative to the goniometer sphere
are now known. The (Dv, D2h) value corresponding to any pixel
(Dxp, Dyp) can be calculated by:
D2h ¼ arcsin
Dy2h � cos affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 þ Dy2
2h þ 2LDy2h � sina

q
0
B@

1
CA

Dv ¼ arcsin
Dxv � cos bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 þ Dx2
v þ 2LDxv � sin b

q
0
B@

1
CA;

ð3Þ
Fig. 5. (a) Diffraction signal distribution for different positions on the coalesced
ridge structure for sample #1. Each lateral continuum of Dv signal originates from
where

one of the four faces, except for the Dv = 0 continuum, which represents untilted
planes and has a strong presence for all positions on the ridge structure. The blue
diamonds represent the point of peak diffraction and fluorescence intensity
corresponding to the ridge apexes. The corresponding planar structure (white) is
qualitatively shown on the outline of the ridge structure (grey). The black dotted
line qualitatively traces the nucleation site to the ridge apex. (b) 3D diffraction
distribution in reciprocal space around the (0 0 .4) reflection of GaN, represented by
an iso-intensity surface tracing the intensity at 50% of maximum. This measure-
ment was performed at an extremity of one of the ridges on sample #2, and clearly
shows the tilted and untilted signal.
Dxv

Dy2h

� �
¼

cosð�cÞ � sinð�cÞ
sinð�cÞ cosð�cÞ

� �
Dxp

Dyp

 !
: ð4Þ

These offsets are along the goniometer axes and the final goni-
ometer position (v, 2h)gonio + (Dv, D2h), should be transformed to
the actual reciprocal space of the sample by Eq. (2).
7. Results

A summary of the results of measurements for our NSAG struc-
tures are shown in Table 1. Strain is presented relative to the the-
oretical values for bulk GaN [12]. We found that all structures are
quite relaxed, as expected due to the enormous lattice and thermal
mismatch with the SiC or AlN substrates. Differences in strain be-
tween structure types on the same sample are smaller than our
strain resolution.

By scanning laterally across the ridge structures at the Bragg
conditions for the (0 0 .4) reflection of GaN, we noticed a signal
which moves in v depending on lateral position on the ridge. The
trend for sample #1 is shown in Fig. 5a, with the corresponding
planar arrangement (white) superimposed on the ridges profile
(grey). Each continuum of data points corresponds in X to a differ-
ent facet of the coalesced double-ridge structure, with overlap cor-
responding to our beam size. Because the v deviation is so small
and we are looking at a symmetric reflection of GaN, we can rule
out surface effects and variations in the in-plane lattice parameter
a as the source of this signal. Essentially, the tilted planes are cre-
ating a secondary reciprocal space system that is tilted by an
amount equivalent to the tilting of the planes themselves, in ex-
actly the same way that tilting the entire sample on the stage re-
sults in a reciprocal space that is tilted with respect to the
goniometer.

Therefore, one can conclude that this secondary signal is due to
tilting of the (0 0 .1) planes, which increases in magnitude at a rate
of Dv/DZ = 0.6�/lm as one moves away from the center of the each
ridge. This is exactly the same rate of tilting observed previously in
micro-ridges [2], suggesting that this effect begins in the nano-
stages of growth and is typical for both, nano- and microstructures
of GaN.
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Fig. 5b shows a 3D reciprocal space map around the (0 0 .4)
reflection of GaN at an extremity of a ridge on sample #2. Note that
there are two signals; one at qx = 0 (untilted) and one at a non-zero
(tilted) qx. Note also that the tilted signal corresponds to less strain
than does the untilted signal. Even though this strain difference is
within our resolution, the effect is consistently observed for all
parts of the nanoridges on all samples, strongly suggesting that
the tilting effect is a means by which strain is relieved in nano-
structures with smooth free-standing walls. This interpretation is
corroborated by our previous results for GaN micro-ridges [2].

In conclusion, by using submicron beam synchrotron X-ray
radiation and applying alignment and data calibration techniques,
we have overcome the challenges inherent to XRD on NSAG GaN
structures grown on highly mismatched substrates. Measurements
reveal a clear planar tilting effect in the NSAG ridges, which when
combined with 3D RSM, suggest that this tilting effect is a relaxa-
tion mechanism for structures with free-standing sidewalls.
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