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Abstract

This paper reports on a comprehensive characterization of MOVPE-grown Al,Ga,_,As/AlAs distributed Bragg
reflector (DBR) structures via optical reflectance, X-ray diffraction (XRD) and atomic force microscopy (AFM). These
analytical techniques are used to investigate the influence of parameters like substrate misorientation, aluminum
content and number of mirror pairs on the characteristics of high-reflectivity Al,Ga;_,As/AlAs-based Bragg mirrors.
We find a strong correlation between the optical reflectivity of the DBR mirrors and the quality of X-ray rocking curves
as well as the surface/interface roughness as measured by AFM. The data provided by these analytical techniques are
used to optimize the DBR performance for its application in visible-wavelength vertical-cavity surface-emitting laser
(VCSEL) diodes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sources for many emerging opto-electronic tech-
nologies such as plastic-fiber-based communica-
Visible-wavelength vertical-cavity surface-emit- tion, high-density optical storage systems, and

ting lasers VCSELs (4 ~ 650nm) are ideal light high-definition laser printing [1,2]. The VCSEL
geometry with a short active region, typically one
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cavity to achieve a reasonable threshold current
density. Such high reflectivities are usually pro-
vided by quarter-wave Al ,Ga;_,As/AlAs distrib-
uted Bragg reflector (DBR) mirrors. These mirrors
must additionally be transparent at the operating
wavelength. At A ~ 650 nm an Al concentration of
x>0.5 is necessary in the high-index layer for low
absorption thus reducing the index contrast ratio
and requiring a large number of DBR periods to
achieve the necessary high reflectivities. Visible
VCSELs normally employ 5055 pairs in the lower
n:DBR and ~35 pairs in the upper p:DBR thus
making the layer stack extremely thick (~8-9 um)
[3]. This raises particularly difficult growth issues
as tight control over the layer thickness, composi-
tion and growth rate has to be maintained over a
relatively long growth period [4]. This paper
presents details on the influence of the substrate
misorientation and the aluminium concen-
tration on the characteristics of high-reflectivity
Al,Ga;_,As/AlAs-based Bragg mirrors.

2. Experimental details

All the DBR structures discussed in this work
were grown in an Aixtron-200 low-pressure metal-
organic vapor-phase epitaxy (MOVPE) system.
The sources used were trimethylgallium (TMGa),
trimethylaluminum (TMAI) and arsine (AsHj3).
The growth pressure was 70 mbar and the growth
temperature was set to 770 °C. Epi-ready n~ GaAs
substrates were used—both nominally exact'
(001) on-axis oriented as well as wafers intention-
ally misoriented 6° toward {111)A. The Al,.
Ga;_,As /AlAs DBR mirrors were grown without
any interrupts at the interfaces with growth rates
of ~10A/s for Al,Ga;_,As and ~5A/s for AlAs.
This was found to result in the best structural
quality as evidenced from the X-ray rocking
curves. Typical layer thicknesses were 52nm for
the AlAs and 47 nm for the Al ¢Gag 4As layers. If
not stated otherwise the Al content (x-value) was
0.6, apart from a series of experiments where it was
varied from 0 to 0.6 to show the influence of the

"The vendor specification for the possible miscut of the on
axis (00 1) wafers is +0.5°. This was verified using XRD.

Al-concentration on the layer and interface
quality. The number of Al,Ga;_,As /AlAs mirror
pairs was varied from 10 to 40 for the structural
experiments and was set to 50 for the n-side mirror
and to 30 for the p-side mirror in the complete
VCSEL structure.

Reflectance spectra for the DBR mirrors and
VCSEL  structures were measured in the
540-740 nm range relative to a standard dielectric
mirror. A collimated beam from a white-light
source was focussed onto the sample at normal
incidence and the reflected light was imaged into a
0.32m focal length monochromator. The mea-
sured absolute reflectivity was accurate to 0.5%,
sufficient to quantify the relevant reflectance
features like position and width of the high-
reflectivity region across the wafer.

To extract structural information, the measured
spectra were compared to simulated curves ob-
tained using a transfer-matrix method [5,6] to
calculate the reflectivity of a multilayer dielectric
stack. The simulation program used [7] permits
not only variations in the layer composition and
thicknesses, but can also take into account
parameters like energy-dependent absorption,
thickness fluctuations and interface roughness.
These simulations also helped us to identify the
slope of the sidewalls of the central high-reflectiv-
ity plateau (dR/dA) as a sensitive parameter in
judging the structural perfection of the DBR from
the reflectivity spectrum. For comparability dR/d/
was always taken at half-maximum. For example,
arandom =+ 1% change around the target 1/4 layer
thickness of the individual layers, or a 1%
difference in layer thickness from bottom to top
changes the peak reflectivity of a 30-pair DBR by
only 0.001%—-0.01%. However, the slope dR/d/ of
the central plateau is reduced by about 1% in
either case, thus highlighting the sensitivity of this
parameter in judging the quality of a DBR.

Structural characterization was also provided
via high-resolution X-ray diffraction (XRD) rock-
ing curves recorded using a Philips material
research diffractometer with CuKo; X-rays of
<10arcsec beam divergence in the scattering
plane. Q/2@-rocking curves were measured in
both the (004) and the (002) reflections. As the
atomic scattering factors for Ga and As almost
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cancel out in the (002) reflection, it is more
sensitive to the scattering from the superlattice
structure. The measured rocking curves were
simulated using Philips EPITAXY™ software
based on dynamical XRD theory. Ideally, the
same set of parameters would be expected to
satisfy the (004) and the (002) scans. However,
the (002) scans also penetrate deeper into the
multilayer stack and hence, a discrepancy in the
fitting parameters for the (002) and (004) scans
can be used to investigate vertical inhomogeneities
in thick superlattice structures.

The intensity and the full-width at half-max-
imum (FWHM) of the satellite peaks of a super-
lattice rocking curve can provide a quantitative
estimate on inhomogeneity in the vertical periodi-
city [8]. First, the bending of the layer stack due to
elastic deformation leads to a broadening of the
substrate peak as well as of all satellite peaks. This
effect can be considered in the simulations by
fitting the substrate peak FWHM using a certain
radius of curvature. Additionally, changes in
periodicity cause a further broadening in the
half-widths of the superlattice satellite peaks. In
particular, for a statistical Gaussian distribution of
period variations, the product of the intensity and
half-width remains almost constant, and the
period fluctuation AP can be estimated from
AP|P~Aq/(q—qp) where Aq is the half-width of a
satellite, with ¢gg being the substrate peak position.
This allows the separation of the two contributions
to the satellite peak FWHM, i.e. bending and
periodicity. In contrast, interfacial roughness
alone, which does not affect the periodicity, has
almost no influence on the half-width, but causes a
reduction in intensity of the outer satellites due to
enhanced diffuse scattering.

Surface roughness of the DBR structures was
estimated from atomic force microscopy images
obtained using a Digital Instruments Nanoscope
IT AFM operating in tapping mode. The RMS
value for roughness evaluated over a 5 x 5 um field
was used in all cases. In order to measure the
roughness of the interfaces within the DBR
structures, the samples were ground and polished
using diamond lapping film with 0.1 pm grain size
at a bevelled angle of nearly 0.3°. As a result, the
50 nm thick layers were spread out to 10 pm at the

surface of the bevelled sample. To remove the
surface damage and to uncover the Al,Ga;_,As
interfaces the sample surface was etched with 7.5%
HF solution. The etch rate for AlAs in HF is
almost an order of magnitude higher than for the
Al,Ga;_,As layers. Thus, at the bevelled edge, the
individual Al,.Ga;_,As layers are exposed as
terraces, thus enabling AFM observations to be
carried out at various depths within the structure.
This permits a post-growth study of the develop-
ment of the surface roughness during the growth
of the DBR stack. Such roughness measurements
have been shown to correlate very well with the
surface roughness that can be extracted from time-
resolved in situ UV remeasurements of complete
VCSEL structures [9].

3. Results and discussion
3.1. Optical characterization

The solid curve in Fig. 1 shows the calculated
peak reflectivity as a function of the number of
pairs for an Aly¢Gag4As/AlAs DBR centered at
A =650nm. The reflectivity increases rapidly at
first, and then slowly saturates with a 40-pair DBR
having 99.9% reflectivity. The same figure also
shows the measured peak reflectivity data for a
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Fig. 1. Dependence of DBR reflectivity on number of
Al ¢Gag 4As/AlAs pairs for exactly (001) oriented samples
and samples misoriented 6° toward {111)A. The calculated
reflectivity is also shown for comparison.



334 A. Bhattacharya et al. | Journal of Crystal Growth 274 (2005) 331-338

series of Aly¢Gag4As/AlAs-based Bragg mirrors
centered around the 650nm wavelength region
differing only in the number of mirror pairs but
otherwise grown under identical conditions. DBRs
grown on exactly (00 1) oriented substrates, which
are typically used for Al.Ga;_,As-based edge-
emitting lasers, have reflectivity values much lower
than the theoretically expected ones, and show a
deterioration of mirror quality with increasing
number of mirror pairs (open circles). The peak
reflectivity is limited to ~95% even with 40-pair
DBRs. Growth on substrates misoriented 6°
toward (111)>A offer improved performance,
with the measured reflectivity closer to the
calculated values. (This is fortuitous, as the 6°-
misoriented substrates are also better suited for the
AlGalnP-based active region [10]).

In Fig. 2 the slope of the sidewall of the central
high-reflectivity plateau (dR/d/) at half-maximum
is plotted as a function of the peak reflectivity
while the inset shows a representative reflectance
spectrum of a DBR mirror. The earlier section
discussed the use of this parameter as a measure
of perfection of the mirror stack. In spite of
the higher measured reflectivities of DBRs grown
on the misoriented substrates the dR/dA values
are still below the expected values, suggesting
layer thickness variation, interfacial roughness
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Fig. 2. Dependence of dR/d/, the slope of the central high
reflectivity plateau at half-maximum, on peak reflectivity for
exact (001) oriented samples and samples misoriented 6°
toward {111)A shown in Fig. 1. The solid line plots the ideal
dR/d/ value. Inset: Representative reflectance spectrum of a
DBR mirror.

and/or other causes for deterioration in the DBR
perfection.

3.2. X-ray characterization

High-resolution X-ray rocking curves have been
measured both for the (004) and (00 2) reflections.
Since in all the cases we were able to fit the curves
by simulations using the same parameter set for
both reflections we conclude that there are no
gradients in the vertical periodicity of the layer
stack, i.e. periodicity fluctuations do not vary from
bottom to top. The bending of the layer stack due
to elastic strain was considered by fitting the
half-width of the substrate peak and introducing
a certain radius of curvature into the simula-
tions. Since the introduction of the radius of
curvature leads to a broadening of the half-
widths of all satellite peaks in the same way a
broadening beyond this can be ascribed to
periodicity fluctuations.

X-ray rocking curves of the DBRs grown on
exactly (001) oriented substrates and substrates
misoriented 6° toward <{111)»A exhibit consider-
able differences. Fig. 3 shows the (002) rocking
curves of 30-pair Aly¢Gag4As/AlAs DBRs whose
reflectivity data were presented in the previous
section. It can clearly be seen that the satellite
peaks in the exact-substrate case are considerably
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Fig. 3. X-ray rocking curves in the (00 2) reflection for 30-pair
Alg¢Gag4As/AlAs DBRs grown on exact (001) oriented
samples and samples misoriented 6° toward (111)A. The
arrow indicates the third satellite on the left of the zero order
peak.
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broader and less intense than in the sample
misoriented 6° toward <{111>A. Also, a lesser
number of satellite peaks can be distinguished in
the exact (00 1) case. To study this trend further,
in Fig. 4 we track the half-width (a) and intensity
(b) of an arbitrary, fixed satellite peak, namely the
third satellite on the left of the Oth order peak,
(arrow in the figure) versus the number of mirror
pairs. The values expected for an ideal DBR based
on dynamical diffraction theory are also plotted.
We observe a sharp rise in the satellite half-widths
for thick DBRs in both the exact and misoriented
cases, with the latter having narrower peak widths
for all the samples. The peak intensity remains
almost constant for the exact substrate and
actually decreases with increasing DBR thickness
for the misoriented case. Both these observations
are in sharp contrast to the theoretical expecta-
tions and strongly point to significant degradation
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Fig. 4. The FWHM (a) and intensity (b) of the third satellite
peak in the diffraction pattern versus the number of mirror
pairs for DBRs grown on exact (00 1) oriented substrates and
substrates misoriented 6° toward {(111)A. The thin lines are
the trends expected from dynamical diffraction theory.

in structural perfection of the superlattice. Using
the rocking curves in Fig. 3 along with the
equation discussed in the preceding section to
estimate the period fluctuation leads to a value of
~7nm for the exact (001) and ~2nm for the 6°-
misoriented cases.

It is interesting to compare X-ray rocking curves of
superlattices of varying Al composition. Fig. 5 plots
the (002) rocking curves for 20-pair Al,Ga,_,As/
AlAs superlattices grown on exactly (00 1) oriented
substrates with (a) x=0, (b) x=0.25, and (c) x=0.6.
It is evident that the number of satellites visible
decreases as the total Al content of the stack increases.
This is accompanied by a broadening of the satellite
peaks and a sharp drop in their intensity. Al Ga;_,As
is known to be more immune against plastic strain
relaxation than theoretically predicted. Misfit disloca-
tion formation was not observed in samples investi-
gated using transmission electron microscopy (TEM)
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Fig. 5. (002) rocking curves for 20-pair Al,Ga,_,As/AlAs
superlattices with (a) x=0, (b) x=0.25 and (c) x=0.6 grown on
exact (00 1) oriented substrates.
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and no evidence of relaxation was found from the in-
plane lattice parameter measured using asymmetric
X-ray reflections. Nevertheless, the accumulated
strain causes an increase of periodicity fluctuations
and interface roughness during growth.

We have additionally verified via TEM that
within the DBR stack the surfaces of the
Al,Ga;_,As layers are indeed rougher than the
surface of the next AlAs layer. The growth of the
binary layer results in a smoother surface than the
growth of the ternary one [11]. This would also
explain the observation that the rocking curves of
binary/binary GaAs/AlAs DBRs are almost close
to that expected from theory. In contrast, in
the case of a ternary/binary combination like
Al,Ga;_,As/AlAs, the rougher surface of the
ternary layer leads to a lower intensity of the
outer satellites in the diffraction pattern.

3.3. AFM characterization

Further evidence of a correlation between the
surface roughness and the X-ray and optical
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properties comes from a direct observation of the
DBR surface via atomic force microscopy. Fig. 6
plots the RMS values of surface roughness for the
series of Aly¢Gag4As/AlAs mirrors described in
the earlier sections for (a) exact oriented samples,
and (b) samples misoriented 6° toward (111)A.
The insets show the AFM pictures for the 30-pair
case. The same figures also include the X-ray
FWHM data of Fig. 4 for comparison; the
similarity in the two trends is obvious. An analysis
of the data provides a value of 9.7 nm for the RMS
roughness of the on-axis sample (a), and 1.2nm
for the sample misoriented 6° toward (111)A
(b). It is worth pointing out that the estimates
from the rocking curves in Fig. 3 (7 and 2nm,
respectively) are pretty close to the measured RMS
roughness values. Since the surface roughnesses of
both the exact (00 1) oriented and the misoriented
6° toward {111)»A substrates do not differ, the
observed differences in roughness of the DBRs are
connected with the growth mechanism. The 6° off-
oriented wafers offer more terraces with a closer
spacing, i.c. more nucleation sites, for the layer-by-
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Fig. 6. RMS values of surface roughness for the series of AlyGag4As /AlAs mirrors for (a) exact (00 1) oriented samples and (b) for
substrates misoriented 6° toward {11 1) A. The trends in the X-ray half-widths from Fig. 4 are also included for comparison. The inset
shows AFM pictures (scan size 10 x 10 um?) of the surface of 30-pair Aly ¢Gag 4+As/AlAs DBRs grown on (a) exact (00 1) oriented and

(b) substrates misoriented 6° toward {111).
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Fig. 7. RMS roughness at various depths inside a complete
VCSEL structure.

layer growth. This apparently reduces the ten-
dency for dynamic roughening observed on the
exact (00 1) substrates.

In order to measure the roughness of the
interfaces within the DBR structures, and thus
investigate the development of the surface rough-
ness during the growth of thick mirror stacks,
complete VCSEL structures were etched with HF,
exposing the constituent Aly¢Gag4As layers as
discussed earlier. Fig. 7 shows the RMS rough-
ness at various depths inside a VCSEL structure
consisting of a one wavelength thick (~185nm)
cavity sandwiched between a 50-pair lower
n-DBR and a 30-pair upper p-DBR grown on a
substrate misoriented 6° toward <{111)>A. The
numbers next to the data points indicate the
position of the layer within the mirror. It is seen
that the interface roughness gradually builds up
during the growth, starting from a value of
about 1nm at the substrate and increasing to
~4nm after 48 mirror pairs. It is striking that the
growth of the AlGalnP cavity smoothens the
surface remarkably, leaving an RMS roughness of
~2nm at the beginning of the second DBR mirror.
The growth of the second mirror again causes
the interface roughness to increase to a value of
about 3.5nm after 30 pairs. The final roughness is
thus almost the same as the roughness of the
n:DBR at the 30-pair stage. A complete discussion
of surface roughness within VCSEL structures
including the differences in the n- and p-DBRs and

the effect of the AlGalnP cavity has been
presented in Ref. [9].

4. Summary

We have presented a detailed study of optical
and structural characterization of Al .Ga;_,As/
AlAs DBR mirror stacks. While DBR mirrors
grown on substrates misoriented 6° toward
{111>A offer much better reflectance than
corresponding structures grown on exactly (00 1)
oriented substrates, the structural perfection of the
superlattice assessed by optical as well as X-ray
techniques is still far from that expected theoreti-
cally. In the reflectivity spectrum the slope of the
sidewall of the central high-reflectivity plateau at
half-maximum, dR/d/, is found to be smaller than
in the ideal case. X-ray rocking curves show
satellite peaks which are broader and less intense
than predicted. These findings are correlated to the
roughness of the layers measured via atomic force
microscopy. Such a comprehensive characteriza-
tion of the DBR mirrors is invaluable in optimiz-
ing the structures for state-of-the-art visible
VCSEL devices [12].
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