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We studied the etch-depth control of 980 nm intracavity contacted vertical-cavity surface-emitting laser
(VCSEL) structures with GaAs/AlGaAs distributed Bragg reflectors by in-situ laser reflectometry and
reflectivity modeling in SiCly/Ar inductively coupled plasmas. Highly accurate etch-depth control can be
achieved by counting the number of oscillation peaks in the experimental reflectance signal through the
fitting of the reflectivity data calculated theoretically using a transfer matrix method. The fits provide a very
good agreement, allowing us to distinguish individual layers precisely and stop the etching at a desired
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Etching depth. After confirmation of the validity of in-situ dry etch monitoring, this technique was employed in the
Multilayers fabrication of microlens-integrated intracavity contacted VCSELs including composition-graded digital alloy

AlGaAs for high precision control of the etch depth in intracavity region. The etch-depth difference between
calculated and experimental results was kept below 20 nm, indicating a good etch performance. The spatial
uniformity of ~5% was obtained over 1x1 cm? sample size.
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1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs) have attracted
great interest as a standard light source for many applications in-
cluding optical communications, short-haul data links, and optical
computing because it has advantages of low cost, low power
consumption, high speed modulation, and surface-normal emission
[1]. For these applications, high data rate and low heat dissipation in
VCSELs are essential, requiring a low device resistance. Recently,
intracavity contacted VCSELS, consisting of undoped DBR mirrors and
ring contacts on a semi-insulating substrate, have exhibited an im-
proved performance over the conventional extracavity structures
[2-4]. The use of intracavity contacts allows a current path by the
p-type and n-type layers on either side of the active region. This leads
to the decrease of series resistance and makes the contacts essen-
tially coplanar, which are advantageous for high speed operation due
to the reduced parasitic capacitance [5]. In addition, the asymmetric
contact layout reduces an unfavorable current crowding effect at the
oxide aperture region [6].

Furthermore, the monolithic integration of VCSELs with a semi-
conductor microlens without additional process steps showed the
improvement of coupling efficiency to optical fibers or components
[7,8]. In contrast to the extracavity structure, however, the operational
characteristics of intercavity contacted VCSELs are very sensitive to the
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etch depth control exactly to the right position for p-contact and
n-contact layers. Ohmic contacts cannot be formed if the layers are
underetched while the significant overetch can cause an increase in
the series resistance. Thus, the etch depth must be controlled in a
precisely layer-by-layer manner during the etching process. In this
structure, where no etch stop layer can be used, it may be difficult to
accurately end the etching because the etch rate may vary to some
extent from run to run for the same etching condition. To overcome
these limitations, efficient etch monitoring technique is required. The
laser reflectometry has been used for precise in-situ etch monitoring
of thick multi-thin layer structures (eg., DBR stacks) [9-12]. However,
there are only few reports on the in-situ etching of a full VCSEL
structure having active layer and DBR mirrors.

In this paper, the etch-depth control with high precision during
SiCl4/Ar inductively coupled plasma (ICP) etching of microlens-
integrated intracavity contacted VCSEL structures with thick multi-
thin layers was investigated by in-situ laser reflectometry, together
with reflectivity modeling.

2. Experiment and reflectivity modeling

Fig. 1 shows the schematic diagram of the 980 nm microlens-
integrated intracavity contacted VCSEL structure used in this experi-
ment. All layers were grown on semi-insulating GaAs substrates by a
molecular beam epitaxy (DCA P600). The active region consists of
three 8.5 nm-thick u-Ing;9GaggiAs wells with 10 nm-thick u-GaAs
barriers, sandwiched by 106.1 nm u-Alg3,GaggsAs cladding layers to
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Fig. 1. Schematic diagram of the 980 nm microlens-integrated intra-cavity contacted VCSEL structure used in this experiment.

form a 1\-thick cavity and 49.5 nm-thick p/n-Alg 9gGag o2As oxidation
layers. It is surrounded by 7A\/4n-thick p- and 5A/4n-thick n-GaAs
contact layers. The bottom and top DBR mirrors consists of 30.5 and 22
pairs of A/4-thick u-GaAs/AlpgsGagi2As layers, respectively. The
thickness of p- and n-contact layers should be carefully selected
considering top and bottom DBR mirrors, respectively, given by
d=(2 k+ 1)N\/4n.es, where d is the thickness of contact layer, k=0,
1, 2, ..., A is the operation wavelength, n, is the refractive index
of layer [13]. The 1.3 pm-thick composition-graded digital alloy

AlyGaq_4As (x=0.89-0.98) was formed on the top DBR mirror. The
chirped short-period superlattices (SPS) of AlAs (16-90 ML)/GaAs
(2 ML) in 75 steps was used to grade the composition of the AlGaAs.
Using a selective oxidation process, this technique enables the
formation of self-aligned microlens. The structure was completed
by a 100 nm thick GaAs cap layer.

The Etch experiments were carried out by using an ICP etcher
(Oxford Instruments Plasmalab System 100). In order to achieve
anisotropic, low damage, and nonselective etching for GaAs/AlGaAs
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Fig. 2. Experimental set-up of in-situ dry etch monitoring using a laser interferometer system (Jobin-Yvon Horiba, DIGILEMS).
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structures, the SiCl,/Ar mixture gas was used. For the generation of
plasma, 13.56 MHz radio frequency (rf) power is applied to both ICP
source and substrate electrode. The ion energy at the substrate, which
is controlled mainly by the rf power supplied to the electrode, is
monitored by the dc bias measured in real time. Samples on 2 in.
silicon carrier wafer were loaded into the vacuum chamber through a
load lock. To provide a good thermal conductivity between the wafer
and chuck, helium pressure was applied to the back of the wafer. The
samples were etched at an optimum condition, i.e., SiCl4 (7.5 sccm)/Ar
(25 sccm) with rf power of 50 W and ICP power of 200 W under a gas
pressure of ~0.27 Pa.

The experimental set-up of in-situ dry etch monitoring using a
laser interferometer system (Jobin-Yvon Horiba, DIGILEMS) is shown
in Fig. 2. The spot of laser beam (A=674.8 nm) is focused on the
surface of the sample by adjusting its spot position, and then the
reflected signal is detected by a silicon photocell [14]. The signal
is processed by the instrumentation unit connected to a personal
computer for monitoring. Etch depths of all samples were measured
using a surface profiler. Additionally, the scanning electron micro-
scopy (SEM, Hitachi, S-4700) measurements were performed at an
operating voltage of 15 kV to measure an accurate etch depth and to
investigate the etched profile. The atomic force microscopy (AFM, XE-
200, Park Systems) measurements are also carried out using Si can-
tilever (NCHR, Nanosensor) on the etched sample in the non-contact
mode.

To find the depth at which it is desired to stop the etching process,
the experimental reflectance signal containing oscillations was
compared to the theoretical curve calculated by reflectivity modeling.
Using a transfer matrix technique, the reflectivity of remaining part of
the structure was calculated. The etch process is simulated by re-
moving the top layer successively, leading to a resultant reflectivity,
and then this process was repeated until the substrate is exposed.

3. Results and discussion

To investigate the validity of in-situ etch monitoring during the
etching process, the initial experiments towards controlling the etch
depth of the intracavity contacted VCSEL structure (including intra-
cavity region and DBR mirrors) and the composition-graded digital
alloy AlGaAs structure for microlens were carried out separately. Fig. 3
shows (a) the calculated reflectivity as a function of etch depth and
(b) the reflectance intensity measured experimentally during etching
in SiCly/Ar as a function of etch time for the intracavity contacted
VCSEL structure. The reflectivity signals were observed distinctly in
three different regions, namely, top DBR (22 pairs), intracavity/contact
layers, and bottom DBR (30.5 pairs), creating beat patterns accom-
panying the oscillations. For the top DBR, the upper and lower peaks of
reflectivity signal correspond to the GaAs layer of 69.6 nm and the
Alg.gsGag g2As layer of 80.5 nm, respectively, thus producing the 22 beat
patterns of the peak to peak. In this calculation, the refractive indices of
3.784-j0.164 and 3.141 were used for the GaAs and AlgggGag o2AS
layers, respectively [15,16]. This is also applied for the bottom DBR
which consists of 30.5 pairs of GaAs/AlpgsGag g2As in the same way.

As shown in Fig. 3(b), the experimentally measured reflectance
signal is in good agreement with the calculated reflectivity signal
except 0 positions. The offset between simulation and measurement is
a result of the time required for removing the native oxide on the
sample surface at the start of the etch process to reach the underlying
semiconductor layers [9,10]. The delay time is not constant and it
depends on the thickness of the native oxide by exposure to atmo-
sphere (oxygen). In this case, the resulting delay time of ~18 s was
observed. The total etch time and etch depth are about 910 s and
9.2 um, respectively, for this VCSEL structure, indicating an average
etch rate is 10.1 nm/s. While the etch rate in top GaAs/Alg ggGag.o2As
DBR was ~9.9 nm/s, the etch rate increased slightly to ~10.5 nm/s for
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Fig. 3. (a) Calculated reflectivity as a function of etch depth and (b) the reflectance intensity measured experimentally during etching in SiCl4/Ar as a function of etch time for the

intracavity contacted VCSEL structure.
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Fig. 4. Calculated reflectivity and reflectance intensity measured experimentally for the magnified portion of intracavity/contact layers.

the bottom DBR, i.e. by 6%. Without in-situ etch monitoring, therefore, noise ratio was observed in Fig. 3 due to the large refractive index
it is difficult to control an etch target depth accurately and repeatably difference between the GaAs and Alg ggGag g2As layers.
because of the unpredictable time delay by the surface oxide and the Fig. 4 shows the calculated reflectivity and the reflectance intensity

gradual change in etch rate [12]. It is noted that the large signal to measured experimentally for the magnified portion of intracavity/
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Fig. 5. Calculated reflectivity and reflectance intensity measured experimentally of the composition-graded digital alloy AlGaAs structure for microlens-integrated VCSELs.
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Fig. 6. (a) SEM images of the etched profiles of the microlens-integrated intracavity
contacted VCSEL structure with selective oxidation and their reflectance intensities
observed during the etching, and (b) AFM scan image on the surface of n-GaAs contact
layer after the etching of intracavity layers.

contact layers. The intracavity region includes three periods of
InGaAs/GaAs QWs, AlgogGago2As oxidation layer, and Alg3,Gag ggAs
cladding layer. In the intracavity/contact regions, the reflectivity
signal exhibits somewhat complicated oscillations due to the multi-
thin layers and the etch rate of 9.8 nm/s, on average, was observed. For
the 487.2 nm-thick p-GaAs contact layer, the 5 beat patterns were
observed after the etching and the peak to peak span corresponds to
A/2n (i.e., 89.2 nm). The etch rate of 10.3 nm/s was obtained from the
peak positions. Similarly, the 348 nm-thick n-GaAs contact layer cor-
responds to the 4 beat patterns, leading to an etch rate of 10.2 nm/s.
From this result, it is found that the etch selectivity of AlyGa;_xAs over
GaAs is ~1:1 in SiCly/Ar plasma because the average etch rate of
10.1 nm/s was obtained for GaAs/AlyggGag.o2As DBRs. For the inter-
cavity region, the peak to peak span changes from 109.4 nm to
87.9 nm. There is a discrepancy between the calculated and exper-
imental results after the Ing;9GaggiAs/GaAs QWs (8th layer) was
etched. Thus, this delay is ascribed to the lower etch rate of InGaAs
layer because the etch rate in numerical reflectivity model is assumed
to be kept constant across the whole structure. Clearly, the etch rate
was lowered to ~6.1 nm/s for the 8th layer including three

Ing19GaggiAs wells. This means that the estimation of etch time
from the peak to peak span is not frequently enough to guarantee the
correct etch depth for the multi-thin layer structure. However, the
accurate stop point control of the etching is possible by counting the
number of oscillations in the experimental reflectance signal. In order
to etch right up to the n-GaAs contact layer in the intracavity con-
tacted VCSEL structure, the etching should be stopped exactly after
counting the 9th peak, inferred from the reflectivity modeling as
shown in Fig. 4.

Fig. 5 shows the calculated reflectivity and the reflectance intensity
measured experimentally of the composition-graded digital alloy
AlGaAs structure for microlens-integrated VCSELs. To form the self-
aligned microlens on the VCSEL structure using selective oxidation
[17], a 1.3 pm-thick chirped SPS of AlAs (16-90 ML)/GaAs (2 ML) in 75
steps were grown, as illustrated in the inset of Fig. 5. The chirped SPS
layers are graded into digital alloy Al,Ga;_xAs layers, where the Al
composition (x) is linearly varied from 0.89 to 0.98. The SEM image
shows the cross sectional view of chirped SPS mesa structure after the
selective oxidation. However, it is difficult to resolve the composition-
graded digital alloy AlGaAs layers in reflectivity modeling because
the thickness of each layer is much thinner than the operating wave-
length of incident light. In this case, the whole layer behaves as an
optically homogeneous layer, so we used an average Al composition of
x=0.935 and its refractive index for the reflectivity modeling. The
observed reflectance signal after the etching is well consistent with
the results calculated from the theoretical model used here, exhibiting
13 beat patterns.

Using both the in-situ laser reflectometry and reflectivity modeling,
the SiCl4/ArICP etching in two steps (i.e., 20 um wide mesa for p contacts
and 54 pm wide mesa for n contacts) was carried out for the fabrication
of microlens-integrated intracavity contacted VCSELs. Fig. 6(a) shows
the SEM images of the etched profiles of the microlens-integrated
intracavity contacted VCSEL structure with selective oxidation and their
reflectance intensities observed during the etching. For the p-contact
mesa etching, the device structure was etched from the GaAs cap layer
right up to the p-GaAs contact layer (by stopping the etching after
counting the 36th peak) through the composition-graded digital alloy
AlGaAs and top DBR. For the n-contact mesa etching, the p-GaAs contact
layer and intracavity layers were etched right up to n-GaAs contact layer
(by stopping the etching after counting the 9th peak). The magnified
SEM images confirm a good control of etch depth with high resolution.
The etch depths of p-contact mesa and n-contact mesa was measured
using an SEM to be 3.32 pm and 942 nm, respectively. The measured etch
depth is almost consistent with that expected, with an error of below
20 nm. The contact metals are formed on the slightly overetched
surfaces (i.e., less tolerance than 4%) for 487.2 nm p- and 348 nm n-
contact layers, which results in good device performance [8]. The spatial
uniformity of 5% was observed across the sample of 1x 1 cm? size. The
AFM scan image on the surface of n-GaAs contact layer after the etching
of intracavity layers is shown in Fig. 6(b). The root mean square (RMS)
roughness of 0.15 nm for a scan area of 1x1 pm? was obtained,
indicating a good morphology of etched surface.

4. Conclusions

The etch-depth control of intracavity contacted VCSEL structures
was investigated by in-situ laser reflectometry using a SiCl4/Ar ICP
etching. The theoretical reflectivity curve gave a good agreement with
the real-time reflection signal obtained from the laser reflectometry.
The layer-by-layer in-situ etching in DBR mirror and active layer
structures was achieved by counting the number of oscillation peaks
in the laser reflection signal together with the fit of reflectivity
modeling, making it possible to stop the etching at the desired depth.
For the self-aligned microlens, the chirped SPS of AlAs/GaAs was
modeled into composition-graded digital alloy AlyGa,_xAs layers with
an average Al composition and its refractive index. This etching
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technique was applied to the mesa etching for the p and n contacts of
microlens-integrated intracavity contacted VCSELs. From the SEM
image, the experimental etched profiles exhibited a slight overetch
with a tolerance of less than 20 nm, indicating excellent etch per-
formance. Also, the spatial uniformity of ~5% during the etching was
observed over 1x1 cm? sample size. These results allow the pos-
sibility of an accurate control of etch depth with good surface
morphology for the fabrication of microlens-integrated intracavity
contacted VCSELs to achieve the high device performance.
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