APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 18 4 MAY 1998

High-finesse Al ,O,/AlGaAs nonabsorbing optical cavity

Hyun-Eoi Shin, Young-Gu Ju, Hyun-Woo Song, Dae-Sung Song, Il-Young Han,
Jung-Hoon Ser, Han-Youl Ryu, and Yong-Hee Lee

Physics Department, Korea Advanced Institute of Science and Technology, 373-1, Kusong-Dong,
Yusong-Ku, Taejon, Korea

Hyo-Hoon Park
Research Department, Electronics and Telecommunications Research Institute, 161, Kajung-Dong,
Yusong-Ku, Taejon, Korea

(Received 6 November 1997; accepted for publication 5 March )1998

We report the measured finesse value~6890 in nonabsorbing 4D, /AlGaAs cavities. The
nonabsorbing cavity consisting of a bottom,@|,/AlGaAs distributed Bragg reflectdDBR), an

Al O, spacer layer, and a top &, /AlGaAs DBR is prepared by a wet-oxidation process. The
measured resonance linewidth agrees well with that of calculation, indicating very small overall
losses in the cavity. The wet-oxidation process does not seem to degrade the interface of the
epitaxial layers significantly. The lower bound of maximum achievable reflectivity from tf@ Al

DBR is estimated to be-99.95%, assuming an average interface roughness of about 0.6 nm. The
maximum achievable finesse of this type of cavity is expected to be larger than that of the
all-epitaxial counterpart assuming the same roughness19€8 American Institute of Physics.
[S0003-695(98)02518-2

The application of wet oxidation to vertical-cavity layers are undoped. The sample is wet etched nonselectively
surface-emitting lasers has led to significant improvement iy H,O,:H3PO,:H,O (1:1:4) to form 50um-diam circles
the operating characteristits: Using low-index ALO, lay-  and oxidized at 400 °C under 0.5-I/min,Nlow through
ers, high reflectivity and wide-bandwidth distributed Bragg90 °C water. The vertical oxidation profile over the layers is
reflectors(DBRS) are also reportet:® The refractive index most uniform at a 0.5-I/min Nflow rate as compared to the
and other material properties of &, for application to  other flow rateg1.0 and 2.0 I/mifin our case. To measure
DBR mirrors, are important parameters and have been inveghe reflectivity over a small area, our measurement setup is
tigated by several groufs®°However, the ultimate perfor- arranged as shown in Fig. 1.
mance of the oxidized DBR has not been studied
systematically® We try a nonabsorbing AD, spacer to
minimize the possible absorption loss in the cavity. In this
structure, the scattering loss by interface roughness becomes
an important limiting factor of the maximum reflectivity of
AlGaAs/Al,O, DBRs and finesse. In this letter, we optically
measure the finesse of vertical resonators having a half-wave }‘iG
nonabsorbing oxide spacer and AlGaAsfy top and bot- sample  aperture BS
tom DBRs. In the case of an optical resonator having a thin
spacer and high-contrast DBR mirrors, the major portion of
the energy of the resonance mode is stored in the spacer. — » AlGaAs M4
Therefore, this structure is also used to precisely measure the
change of the optical thickness of the oxide spacer as a func- ——y Oxide V4
tion of wet-oxidation time.

The sample was grown on(a00) GaAs substrate with
2° misorientation by metal—organic chemical-vapor deposi-
tion (AIXTRON AIX200). Aly ;Ga, gAs is adopted as a high
refractive index material of DBR mirrors. Four and 3.5 pairs
of Aly,GayAs (638 A)/AIAs (1544 A) are located at the
bottom and the top of the structure, respectively. The layers
are changed to high-contrast DBR mirrors after wet oxida-
tion. The calculated reflectivities of the top and bottom DBR . GaAs Substrate
are 99.35% and 99.55%, respectively. And the oxide layer
converted from 3087-A-thick AlAs between the DBRs is

used as a/2 spacer. The cap layer is 100-A-thick GaAs. All FIG. 1. () Setup for reflectivity measurement. The sample and light source
are conjugate to each other, also to the image plane on a charge-coupled
device and the input slit of the spectrometé. The typical structure of the
3Electronic mail: heshin@sait.samsung.co.kr oxidized sample. The intensity profile is also shown.
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oxide DBR and GaAs/AlAs DBR have 8 pairs of GaAs/oxide and 37 pairs

FIG. 2. Comparison of experiment and theory. The diameter of the aperturef GaAs/AlAs, respectively.
is 2 mm. The dashed curve is the ideal reflectivity obtained from the normal

incidence. spite of the increasing number of pairs of DBR whenever

there exist scattering losses at interfaces. In Fig. 3, the re-
The measured and calculated reflectivity of the sampleflectivities of GaAs/A}O, and GaAs/AIAs DBR mirrors are

which is oxidized for 18 min at 400 °C, is shown in Fig. 2. compared for various interface roughnesses. The
The resonant wavelengths tend to decrease with oxidatioc;aAs/,/.\lxoy DBR and GaAs/AlAs DBR have 8 and 37 pairs,
time. The calculated resonance linewidth for a normal ang|¢espective|y_ These numbers of pairs of DBRs are selected to
to the sample is 1.07 nm. The measured minimum resonangfive the same initial reflectivity of 99.9997% for both mir-
linewidth is 1.33 nm. The instrument widtthe resolution of  rors. In order to achieve reflectivity above 99.9% from this
the spectrometgris ~0.11 nm. Therefore, the actual reso- jdeal mirror, the interface roughness of the AlGaAs/oxide
nance linewidth of the cavity should bel.22 nm when the DBR should be less thar 0.8 nm as shown in Fig. 3. On the
instrument width is deconvolved. This deconvolved resoother hand, to achieve the same 99.9% reflectivity from the
nance linewidth of the oxidized sample is a little bit larger GaAs/AlAs DBR mirrors, the equivalent interface roughness
than the calculated one due to the angle effect of the objeGhould be~0.6 nm. Because of the high contrast of the re-
tive lens. When the reflectivity is measured with an objectivesractive indices, the penetration depth of the GaAs/oxide
lens by collecting beams over a finite incident angle, theDBR mirror is much smaller than that of the GaAs/AlAs
resonant mode generally shifts to a shorter wavelength reBR. Therefore, photons pass through a smaller number of
sulting in an apparently wider resonance linewidth. To mini-rough interfaces and the overall scattering loss becomes
mize this angular convolution effect, the 2-mm-diam aper-smaller. Our calculation shows that the GaAs/oxide DBR is
ture is located in the front of a 20 objective lens (NA  generally less sensitive to the interface roughness than the
=0.20). The calculated reflectivity containing the lens effectGaas/AlAs DBR.
is shown as a thick solid curve in Fig. 2. When this angular  As shown in Fig. 3, the interface roughness of 0.6 nm
effect is included, the resonance linewidth becomes 1.20 nifesults in the resonant-mode broadening of 0.05 nm, corre-
from 1.07 nm. This value agrees very well with the deCOH-sponding to the measurement error of 0.05 nm for Yol
volved resonance linewidtll.22 nm). The result implies  cavity. However, since our maximum measurement error is
that the vertical resonator with AlGaAsi®, has a negli- |ess than 0.05 nm, the corresponding interface roughness of
gible scattering loss in the error limit of our measurement. In.6 nm sets the upper bound that can occur during the wet-
the case of the cavity with DBR mirrors, the finesse shouldbxidation process. With this upper bound of interface rough-
be calculated by using the phase penetration depth for cavityess, the limiting value of reflectivity for the AlGaAs/oxide

length, not by using the energy penetration d-éf)ﬂ?.The DBR becomes>99.95%. The corresponding finesse is 6280
finesse of the cavity is-390 after instrument-width decon- for the cavity consisting of an oxide spacer and 8 pairs of

volution and it becomes-440 after angular deconvolution. AlGaAs/oxide DBR mirrors.
An imperfect interface causes scattering and lowers re-  The resonant wavelength position fluctuates over a mesa
flectivity rather than that of an ideal interface. The reflectiv-as shown in Fig. 4. This spreading is attributed to the overall

ity at a rough interface is expressed as follovs: optical thickness variation of the oxide layer over a circular
. For example, the variation f1 nm in the resonant
Rs=Ry exp(— (4mon/\)?). mesa ; . . .o
s=Ro exp(— (4man/M)%) wavelength corresponds to the relative thickness variation of
nis the refractive index of the incident mediuRy is reflec-  ~0.1% or the absolute thickness variation-00.3 nm in the

tivity of the perfect interface, and is the root-mean-square oxide layers. Since the spatial resolution of our setup is
fluctuation from the average interface. For reflectivity calcu-~8 um, the measured reflectivity is, in fact, the spatial av-
lation of a multilayer, a modified transfer matrix is uséd. erage over this area. The values of the resonance linewidth
The maximum reflectivity converges to a limiting value in spread between 1.3 and 2.2 nm over various samples. Since
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T nant mode agrees well with the calculated result, implying an

interface roughness of less than 0.6 nm. According to our

] calculation based on the measurement, the Gag&(ADBR

.- ) [ is expected to have a higher limiting reflectivity than the

soo T corresponding GaAs/AlAs DBR because of the high refrac-
' 1 tive index contrast of the AlGaAs/oxide DBR.
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