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Abstract

This paper reports on an in-situ optical reflectance study of the development of the interface roughness of AlGaAs/
AlAs distributed Bragg reflectors during the metalorganic vapour phase epitaxy growth of visible vertical-cavity
surface-emitting laser structures. We show that the surface roughness can be extracted from time-resolved UV
reflectance measurements. The roughness of the surface during growth for both the AlGaAs and AlAs layers can be
determined individually. The values estimated from the in-situ optical data correlate well with the roughness measured
ex-situ using atomic force microscopy. The in-situ reflectance measurement is thus shown to be a convenient non-
invasive and non-destructive technique for determining surface and interface roughness even for complex device
structures.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs)
have intrinsic properties that enable simpler
fabrication, lower cost, and easier system integra-
tion than traditional edge-emitting lasers [1].
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Consequently, VCSELs are the desired laser
sources for a variety of optoelectronic technolo-
gies. 850 nm-emitting devices are already the
preferred choice for gigabit-ethernet optical links
and 650 nm visible-wavelength VCSELs are ideally
suited for plastic fiber-based communication.

The VCSEL geometry with a short active region
requires high reflectivities (>99.5%) of the mir-
rors sandwiching the cavity to achieve a reason-
able threshold current density. Such a high
reflectance is usually provided by quarter-wave
Al,Ga,_,As/AlAs distributed Bragg reflector
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(DBR) mirrors. At A~650nm, an Al concentra-
tion x>0.5 is necessary in the high-index layer for
sufficient transparency, thus reducing the refrac-
tive index contrast and requiring a large number of
DBR periods to achieve high reflectivity. Visible
VCSELs often employ 50-55 pairs in the lower
n-DBR and ~35 pairs in the upper p-DBR
thus making the total structure extremely thick
(~89mm) [2]. Fig. la shows a schematic cross
section of the VCSEL structure. Furthermore, for
low electrical resistance the DBR mirrors often
employ alloy grading at interfaces, especially on
the p-side [3]. Thus the VCSEL structure raises
particularly difficult growth issues, and for such a
stack with > 150 layers, control over the roughness
each of the interfaces is crucial in determining the
final reflectivity of the mirrors and eventually the
device performance.

In-situ reflectometry is routinely used to moni-
tor the growth of VCSEL structures, with the
primary aim of assessing growth rates and
the positions of the reflectivity maximum and the
cavity resonance [4,5]. In this paper, we show
that a careful analysis of the reflectivity data can
also be used to accurately estimate the surface
roughness during growth. The values predicted
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in-situ from optical measurements are in good
agreement with interface roughness values mea-
sured ex-situ using atomic force microscopy
(AFM).

2. Experimental details

The VCSEL structures discussed in this work
were grown in an Aixtron AIX 200/4 low-pressure
metalorganic vapour phase epitaxy (MOVPE)
system equipped with a LayTec EpiRAS 200 in-
situ sensor capable of combined reflectance and
reflectance anisotropy spectroscopy (RAS) mea-
surements on rotating samples [6,7]. The VCSEL
structures were grown at a temperature of
T = 770°C on epi-ready n* (1 00) GaAs substrates
tilted 6° towards [111]A. As shown in Ref. [8]
using substrates with an offcut angle of 6° resulted
in smoother layers than using exactly oriented
wafers. Further details of the growth parameters
are also given in Ref. [8]. The AlysGagysAs/AlAs
DBR mirrors were grown without any growth
interruptions or purging sequences at the inter-
faces as this was found to result in the best
structural quality of the DBRs.
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Fig. 1. (a) Schematic cross section of complete VCSEL structure and (b) corresponding normalized reflectance transient at E = 4.0eV

(310nm) measured during growth at 7o, = 770°C.
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2.1. Reflectance measurements

The entire growth of VCSEL structures has been
monitored using the EpiRAS in-situ sensor by
continuously taking both spectroscopic and time-
resolved RAS and reflectance (R) data. The result
is a comprehensive fingerprint of the growth
process in total and has been already described
in Ref. [5]. For the measurements presented here,
however, a very high time resolution was required.
Therefore, the growth was monitored in the time-
resolved measurement mode at a single wave
length (transient measurement).

In this paper, we utilize the normalized reflec-
tance R/R., which is the reflectance of the
growing layer stack divided by the reflectance of
a well-known reference sample inside the reactor
(see ref. [9] for details). In this work, the GaAs
substrate reflectance Ry = Rgaas was measured
prior to each growth process and used thereafter as
reference:
Rstack

R/Rref - R (1)

GaAs’

The normalized reflectance can be simulated by
a multi-layer model using a set of high-tempera-
ture dielectric functions.

Beyond the optical wobble compensation cap-
abilities of the EpiRAS system [6], the remaining
effect of the wobble on the reflectance signal has
been further reduced by averaging the time-
resolved reflectance signal over exactly one wafer
revolution. The rotation period of the wafer was
determined from the simultaneously measured
RAS signal. The noise of the measured normalized
reflectance signal was +3 x 103,

To maximize the sensitivity of the reflectance
data to the surface roughness and the composi-
tional grading, a rather short wavelength of
A=310nm (E=4.0eV) was chosen for the
optical measurement. The light penetration depth
into AlGaAs at this wavelength is only around
10nm, which makes the optical measurement
particularly sensitive to the uppermost layer and
also eases the interpretation of the data.

In order to simulate the reflectance transients,
the high-temperature dielectric function data ¢, &
for all materials involved at £ =4.0eV (310 nm)

had to be determined by a preceding set of
epitaxial growth runs. For this purpose, three
parameter fits (g, &, growth rate r) to Fabry—
Perot oscillations measured during growth of
different Al,Ga;_,As compositions were per-
formed.

The simulations are based on a multi-layer
model with plane-parallel interfaces from which
the complex reflectance can be calculated numeri-
cally [10,11]. If needed, a surface or interface
roughness has been simulated by introducing
additional layers consisting of an effective medium
approximation according to Bruggemann [12,13].
The thickness of these layers was a free parameter
and has been used to control the magnitude of the
roughness. Fits were performed using a least-
square minimization procedure. All fits and
simulations in this work were done with the
commercially available AnalysR software.’

2.2. AFM measurements

To measure the roughness of the interfaces
within the VCSEL structures after growth using
AFM, the layer stack was first mechanically
bevelled at an angle of ~0.3° using a diamond
lapping film with 0.1 pm grain size. This spreads
out the ~50nm thick DBR layers to about 10 um
at the bevelled edge.

To remove the polishing damage, and also
expose the AlGaAs layers the samples were etched
in 7.5% hydrofluoric acid (HF). As the etch rate in
HF for AlAs is an order of magnitude higher than
for AlGaAs, primarily the individual AlGaAs
layers are exposed at the bevelled edge as
~10pum wide terraces. This enables AFM ob-
servations to be carried out at various depths in
the structure and thus permits a study of the
development of the interface roughness during
the growth of the VCSEL. Surface roughness of
the layers was estimated from AFM images
obtained using a Digital Instruments Nano-
scope II AFM operating in tapping mode. The
RMS value for roughness evaluated over a
10 um x 10 um field was used in all cases.

2 AnalysR, simulation and analysis software for spectroscopic
thin films, LayTec GmbH, http://www.laytec.de.
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3. Results and discussion

In Fig.1 the complete reflectance transient
measured during VCSEL growth is shown along-
side a schematic cross section. During growth of
the n-DBR, two phases can be seen: an initial
development phase (1<3000s) where the reflec-
tance signal decreases gradually and a second
phase where the signal level is constant
(t =3000—11000s). During growth of the
p-DBR, the reflectance signal exhibits only one
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phase, although at a higher signal level compared
to the n-DBR.

Fig. 2 gives details from the measured 4.0eV
(310nm) reflectance transient shown in Fig. 1b.
For both the n-DBR and the p-DBR the open dots
represent the measured data, while the lines are
simulations. The dashed line is a simulation
without assuming any surface roughness.
Although the layers in the n- and the p-DBR are
differently doped, the reflectance transients can be
directly compared, as the doping does not change
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Fig. 2. Details of time-resolved normalized reflectance measurements of n-DBR (a) and p-DBR (b) together with a schematic
composition profile. The dots represent the measured data, the lines show the simulations (dashed curve without surface roughness,
solid curve including surface roughness).
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the reflectance at this photon energy [14]. A
comparison of the line shapes in Fig.2a and b
shows the most obvious differences to be the much
sharper peaks and steeper slopes in the n-DBR. As
discussed in Ref. [5] this is due to the abrupt
interfaces between the n-DBR layers. In contrast,
the interfaces between AlAs and AlysGagsAs in
the p-DBR (Fig.2b) have been graded over a
10 nm region to reduce the series resistance [3,8].
They exhibit smoother transitions of the Fabry—
Perot interferences. The grading was simulated
with a step function using four layers of inter-
mediate compositions, each 2 nm thick.

Due to the small penetration depth of the light
at 4.0eV (310nm), exact periodicity of the
reflectance transient for each pair of layers is
expected, as was shown, e.g. in Ref. [15]. The
simulation without roughness indeed shows this
behaviour (Fig. 2a). Although agreeing well with
the measured transient for the first pair of n-DBR
layers, it shows increasing differences for the
subsequent pairs of layers: the signal level of the
whole transient decreases from layer pair to layer
pair (see also Fig. 1b). In order to get agreement
with the measured data, a surface roughness had
to be assumed on top of the growing layer. When
the layer was overgrown, the surface roughness
transforms into an interface roughness and a
surface roughness of the new layer. The surface
roughness was simulated by using an effective
medium formula according to Bruggeman [13]
with a mixture of 50% voids in the host material.
The thickness of the surface roughness layer was a
free parameter and was fitted to the measurement,
thus obtaining the roughness for each layer of the
DBRs. The interface roughness was simulated by a
Bruggemann effective medium mixture of the two
adjacent layers. It turned out that the main effect
on the reflectance transient arises from the surface
roughness rather than from the overgrown inter-
face roughness. That is not surprising, since both
the penetration depth of the light and the
difference in refractive index of the two materials
is rather small at this photon energy. Therefore,
the buried interface is only visible for thin over-
layers.

For the n-DBR in Fig. 2a, an increasing rough-
ness was found, that saturates at 3.5nm after

around 20 pairs. For the p-DBR, however, an
almost constant roughness of approximately 2 nm
was best fitting to the measured reflectivity data.
The resulting effective medium roughness values
obtained from the simulation, plotted against the
number of DBR periods, are shown in Fig. 3. The
increase in roughness during the growth of the
n-DBR can be best fitted by a logarithmic function
(solid and dashed curves in Fig. 3). Since the
roughness fit can be performed for every single
layer, one can even study differences in the
roughness of the AlAs and the Aly sGag sAs layers.
It turns out that the AlAs layers are slightly
rougher than the Al sGag sAs layers. This agrees
with the expectation that a higher Ga content in
the layer leads to smoother surfaces [16].

The cavity, consisting of 200 nm lattice-matched
AlInGaP considerably smoothes the surface, as
can be seen in Fig.3 by the sudden drop in
roughness after 55 pairs. The roughness of the
following p-DBR is smaller than that of the n-
DBR and also does not increase significantly
during the growth of the stack. This behaviour
could be attributed to indium that was introduced
into the reactor during growth of the AllnGaP
cavity. Further experiments where the cavity was
grown before the n-DBR verified this assumption.
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Fig. 3. Effective-medium roughness of the AlAs (solid squares)
and AlGaAs (open circles) DBR layers determined from the
reflectivity transient by fitting the measured data. The fit yields
the roughness value with an accuracy of 0.1 nm.
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The reflectance signal of the n-DBR grown after
the cavity shows no decrease in reflectance and
therefore no significant increase in roughness. This
might be explained by the fact that indium is
known to have a high diffusion length and to cause
memory effects even in subsequent layers. Thus
one possible explanation is that the p-DBR is
smoothed due to the influence of the indium still
present in the reactor and on the susceptor by
some kind of “‘surfactant effect”.

Fig. 4 shows the RMS roughness of the inter-
faces within two VCSEL structures as a function
of depth (DBR periods) measured using the AFM
technique discussed in the previous section. One is
the VCSEL the optical measurements have been
performed on, the other one is a nominally
identical structure with a smaller number of
DBR mirror pairs. The measured roughness
belongs to the AlGaAs surfaces exposed at the
bevelled edge. An independent measure of the
roughness of the AlAs surface was not possible
with the sample preparation method employed,
due to limitations of the etchant. The trend seen in
the development of the roughness from the
reflectivity data is nicely verified by the AFM
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Fig. 4. RMS roughness depth profile determined by AFM
measurements for two VCSEL structures. VCSEL #1 (open
squares) is the one on which the optical measurements have
been performed. VCSEL #2 (solid triangles) is shown to
illustrate the relative accuracy of the AFM measurements.
Apart from the different number of DBR pairs, both VCSELs
nominally have the same structure.

measurements: a rapid increase in roughness of the
n-DBR in the first ~ 10 periods to a value of about
1.5nm, followed by the remarkable drop in
roughness after the growth of the AlGalnP-based
cavity, and the relatively smaller roughness of the
p-DBR. When comparing the RMS roughness
from the AFM measurements with the effective
medium roughness of the AlGaAs layers from the
reflectance fit, it is important to keep in mind that
the RMS roughness is a mean value, while the
effective medium roughness is a peak-to-peak
value. Therefore, the effective medium roughness
should be higher than the RMS roughness by a
factor of two, which is in agreement with our data
(Figs. 3 and 4).

The differences in RMS roughness between the
two samples in Fig. 4 illustrate the systematic
errors of the AFM measurement. Within the same
sample, the error of the RMS value is rather small
(approximately 0.1nm). But comparability be-
tween the different samples is only possible with
an uncertainty of about 1 nm. This uncertainty is
based on the problems of the mechanical and wet
chemical preparation of the sample. In this way,
the differences between the two measured samples
can be explained. The accuracy of the RMS
roughness measurement may be somewhat smaller
for the graded p-DBR. Since the grading on a
microscopic scale can be regarded as statistical
fluctuations of the Al-content, the selective etchant
might produce an artificial roughness due to its
selectivity and this will result in higher RMS
values. This might explain why the roughness
values determined by AFM are higher for the p-
DBR than for the n-DBR. Since the in situ optical
measurement does not show any indication for an
increasing roughness in the p-DBR, we attribute
this finding in the AFM roughness profile to the
specific problems of the AFM measurement on
high Al containing layers that were mentioned
above.

In spite of the measured roughness, the de-
vices fabricated from the structures discussed in
this work demonstrate state-of-the-art perfor-
mance for visible VCSELSs [17], thus showing that
the DBR mirrors achieve the necessary high
reflectance even with the measured roughness
values.
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4. Conclusion

Valuable information about the surface and
interface roughness of the DBR layers is contained
in the measured reflectance data taken during
growth and can be extracted from a simulation
procedure. It is seen that the interface roughness
quickly builds up and then saturates during the
n-DBR growth. The AlGalnP cavity smoothens
the surface remarkably, and the roughness does
not increase considerably during the growth of the
subsequent p-DBR mirror. The roughness esti-
mated from the reflectivity measurements is in
good agreement with the roughness measured ex
situ using AFM. Such an in situ reflectance
measurement is of course a non-invasive and
non-destructive technique, offering additional ad-
vantages over the conventional AFM or TEM
measurements. The observed interface roughness
does not seem to have much impact on the device
performance of the VCSEL.
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