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Residual p-type doping from carbon has been identified as
the root cause of excess absorption losses in (Al)GaAs/
AlGaAs Bragg mirrors for high-finesse optical cavities when
grown by metalorganic vapor phase epitaxy (MOVPE).
Through optimization of the growth parameters with the
aim of realizing low carbon uptake, we have shown a path
for decreasing the parasitic background absorption in these
mirrors from 100 to the 10 ppm range near 1064 nm. This
significant reduction is realized via compensation of the car-
bon acceptors by intentional doping with the donor silicon
in the uppermost layer pairs of 40-period GaAs/AlGaAs
Bragg mirrors. Thus, we find that such compensation
enables MOVPE-derived multilayer mirrors with the poten-
tial for a high cavity finesse (>100,000 in the near infrared)
approaching the performance levels found with Bragg
mirrors grown by molecular beam epitaxy (MBE).
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Crystalline Al(Ga)As/Al(Ga)As distributed Bragg reflectors
(DBRY) are core building blocks for optoelectronic devices such
as light emitting diodes (LEDs) and vertical-cavity surface-
emitting lasers (VCSELs) from the red wavelength range near
650 nm [1] to the NIR spectral region, as well as optically
pumped photonic structures including semiconductor disk la-
sers (SCDLs) [2] and semiconductor saturable absorber mirrors
(SESAMs) [3]. Moreover, arsenide DBRs find increasing inter-
est in a wide range of application areas, including precision
metrology [4], high-power lasers [5], and mid-IR spectroscopy
[6]. This is because crystalline semiconductor coatings exhibit
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superior physical properties when compared to typical
SiO, /Ta,O5-based dielectric reflectors deposited via ion-beam
sputtering (IBS). Specifically, these single-crystal Bragg reflec-
tors exhibit an order of magnitude improvements with respect
to Brownian noise, thermal conductivity, and absorption in the
mid-IR spectral region [7]. These advantageous properties were
initially explored through the development of free-standing
mirrors for cavity optomechanic experiments as realized via
selective wet chemical or gas-phase etching [8,9]. Our earlier
work showed that the optical quality of DBRs grown by metal-
organic vapor phase epitaxy (MOVPE) was lower than
expected when compared with the simulated maximum reflec-
tivity values. To further improve the performance of high-
reflectivity GaAs/AlGaAs Bragg mirrors for use as suspended
optomechanical resonators or as end mirrors for stabilizing laser
cavities, the root cause for the higher than expected optical
losses needed to be found. To this end, we pursued an in-depth
analysis of the as-grown layer stacks with a key measurement
technique being photothermal common path interferometry
(PCI) [10]. Additionally, we investigated modifications to the
standard MOVPE growth process including varying the sub-
strate miscut, composition of the individual mirror layers,
and growth temperature. Finally, we introduced intentional
doping with Si to compensate the residual carbon acceptors
found in the structure. This latter effort turned out to be the
most effective approach for bringing the absorption in the mir-
ror stack down to the 10 ppm range.

Al(Ga)As/(Al)GaAs DBRs consisting of alternating 1/4
layers (for a target wavelength of 1064 nm) with low Al content
(high refractive index) and high Al content (low refractive
index) were grown on 2-in.-diameter laser-grade n-type GaAs
substrates of high crystalline quality (etch pit density below
100 cm™2) with exact orientation. Growth by MOVPE was
performed in an AIX 200/4 horizontal reactor in a 3 x 2 in.
configuration using the standard precursors arsine, trimethyl-
gallium, and trimethylaluminum. For n-type doping in our
compensation experiments, disilane diluted in hydrogen was
used. Because most of the light within the DBR stop band
is reflected by the uppermost mirror layers (with a typical en-
ergy penetration depth on the order of 200 nm or less for light
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incident from vacuum or air [11]), the total number of mirror
periods can be varied without altering the impact of loss proc-
esses beyond the mirror transmission. Thus, three identical base
mirrors with 36 or 40 layer pairs were grown as templates.
Onto these templates an additional 6-10 layer pairs were grown
under various growth conditions to explore their impact on the
maximum DBR reflectivity. This not only helped to reduce the
overall time for a series of experiments, but also allowed for
the deposition of the uppermost layers in parallel onto semi-
insulating substrates, thereby making their electrical properties
accessible. The starting point for the study towards ultralow-
loss MOVPE-grown DBRs was a 40-period Alj,GagggAs/
Al 9,Gag ggAs mirror as described in Ref. [12]. Figure 1(a)
shows the X-ray rocking curve of this mirror with well-resolved
superlattice peaks. The fitted curve reveals that the targeted
compositions and thicknesses have been realized with good ac-
curacy. The Bragg mirrors are characterized for their reflectance
spectrum via spectrophotometry as shown in Fig. 1(b).

Using the values obtained from fitting the X-ray rocking
curve for the simulation of the reflectivity spectrum yields very
good agreement with the measured spectrum, not only with
respect to the stop band but also the sideband oscillations.
Using a transfer matrix approach, the simulated reflectivity for
this structure is 99.995%. Precise measurements of this value as
described in the next section, however, reveal a lower reflectivity
of somewhat above 99.98% associated with absorption losses in
the 60—-80 ppm range. This level of absorption is incompatible
with a cavity finesse value of >10° which would require total
per mirror losses of <30 ppm.

The electrical properties of test structures grown on semi-
insulating substrates were assessed by contactless sheet resistivity
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Fig. 1. X-ray diffraction and reflectance analysis of the baseline
mirror structure. (a) HRXRD measurement and simulation of an
Aly9yGag sAs/Aly 1,Gag ggAs DBR with 41 layer pairs; (b) measured
reflectivity spectrum compared to simulated spectrum [based on

HRXRD results shown in (a)].
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measurements based on the damping of Eddy currents. These
relatively quick and simple nondestructive measurements were
cross-checked against Hall effect measurements that require
cleaving of 10 mm x 10 mm samples and formation of ohmic
contacts at the corners. Both methods yield the same sheet re-
sistivity values. The carbon concentration was measured by cali-
brated secondary ion mass spectrometry (SIMS). Due to the high
affinity of Al to oxygen, AlGaAs is known to be prone to oxygen
incorporation, especially at high Al content. However, SIMS
showed low oxygen content only slightly above the detection
limit of 1-2 x 10'> cm™. Thus, oxygen does not appear to play
a relevant role in these layers and is not discussed further.
The absolute reflectivity of the mirrors is characterized via
optical ringdown, in this case by forming a linear cavity using a
curved IBS-coated dielectric mirror as the input coupler and the
mirror under test as the back reflector. Measuring the decaying
optical intensity of the cavity on a photodiode upon switching
off a laser signal injected on resonance, we can extract the fi-
nesse, £, from the cavity length, L, and recorded decay rate, 7
(F = mer/L). From the finesse, the absolute reflectivity of the
mirrors can be determined via F = 7+/R1R2/(1 - ~/R1R2),
where R1 and R2 are the reflectance of the cavity end mirrors.
We calibrate the reflectivity of the IBS input coupler by first
forming a cavity from two nominally identical mirrors (from
the same sputtering run) and measuring their finesse and thus
reflectance. This known mirror is then used as the input cou-
pler in further experiments with the GaAs-based DBRs. The
total optical losses of the mirrors under test is ultimately
T 4+ S + A, with the reflectance R =1- (7 + S + A), and
with the three loss components being the mirror transmission
T (controlled by the refractive index contrast and number of
periods in the DBR), scatter S (controlled by the mirror micro-
roughness and surface defect density), and finally absorption A
(which to the best of our knowledge (and as demonstrated by our
results) in these semiconductor heterostructures is controlled by
the background doping and thermally excited free carriers).
The mirror transmission can be modeled using the known
layer structure, refractive indices, and as-grown layer thick-
nesses (extracted via X-ray and spectrophotometry measure-
ments as described above). This then leaves scatter and
absorption as unknowns. We independently extract the mirror
absorption via direct PCI measurements [10]. In this tech-
nique, a chopped Watt-level pump laser (operating here at
1064 nm) is used to generate a time-modulated thermal lens
on the sample surface, the magnitude of which is read out using
a weak off-axis probe beam. Given the rapid thermal transport
through the Bragg mirror, the thermal deflection is dominated
by the substrate. Through careful calibration of the substrate
response, the mirror absorption can be directly extracted. Finally,
with calculations of the DBR penetration depth [11], the material
absorption coefficient can be determined. With the transmission
and absorption known, the only remaining loss component is
then scatter, which can be determined via simple arithmetic.
The baseline mirrors were designed for the wet-chemical
etching processes for the fabrication of optomechanical resona-
tors [12] with Aly ¢, Gag gAs as low index layers to avoid the
rapid oxidation of AlAs under ambient conditions, and
Aly 1,Gag ggAs as the high index layers to enable selective etch-
ing of the underlying GaAs substrate for manufacturing sus-
pended micromirrors. The high Al-content AlGaAs layers

are known to be prone to uptake of carbon which is a shallow
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acceptor in AlGaAs [13]. Thus, free-carrier absorption due to
the p-type background doping was suspected to be the reason
for the lower than expected reflectivity and the higher than
desired absorption loss. Figure 2(a) shows that the carbon
uptake in Alyg,GagggAs is approximately 4 x 10" cm™ at
the standard growth temperature of 770°C and drops to about
1 x 10" cm™ at 650°C. However, reduction of the growth
temperature is not a viable route for layers with such high
Al content because of the potential for excess roughness due
to the reduced Al mobility, which will also yield reduced reflec-
tivity from optical scatter [14].

The tendency for roughening is reduced when the Al con-
tent is reduced. Additionally, the C uptake is also reduced.
When growing at 770°C, the C content in Al)sGaysAs is
approximately one order of magnitude lower than in
Alj9,Gag ggAs. A decreased growth temperature yields a further
reduction in C uptake, although less pronounced than for the
high Al content. Figure 2(b) shows that even for this medium-
Al content the surface gets rougher when going to low growth
temperature. To balance these competing issues, a hybrid ap-
proach was taken. Because the reduction of the Al content in
the low index layers also reduces the index contrast and thus the
reflectivity, we grew six additional Alg sGag sAs/Aly 1, Gag ggAs
layer pairs on top of two of the baseline mirror stacks of Fig. 1
at the original high temperature of 770°C and at the reduced
temperature of 650°C.

However, this approach did not yield the desired result.
Despite the lower C uptake in the upper layer pairs, the absorp-
tion remained high (near 100 ppm) for the high growth
temperature (while yielding the smoother morphology) and
was only slightly reduced at the lower growth temperature.
The main driver for the excess optical absorption was the
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Fig. 2. Carbon uptake in MOVPE-grown ternary AlGaAs alloys as

a function of growth temperature, as well as an overview of the as-
grown mirror surface quality. (a) Carbon concentration from SIMS
versus growth temperature for high (x = 0.92) and medium (x = 0.5)
Al content. (b) Optical microscopy images of two mirrors with
identical 40-fold bottom layer pairs Alyg,GagggAs/Aly1,GagggAs
and additional six top layer pairs of AlysGagsAs/Aly,GagggAs
grown at 770°C (left) and 650°C (right) together with measured

absorption.
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increased optical penetration depth in the mirror, so although
the individual absorption coefficients of the mirror materials
were reduced to 1.3 cm™! in the DBR with the low index
AlysGag sAs layers versus ~2 cm™ in the baseline structure,
the increased energy penetration depth (345 nm for the
Aly1,GagggAs/AlysGags surface layers compared with
192 nm for the baseline Al ,GagggAs/Aly g, Gag gsAs struc-
tures) led to a larger overall absorption loss value of approxi-
mately 90 ppm. From this result, it is clear that the key to
improved performance will be to both reduce the background
doping in the mirror while simultaneously minimizing the field
penetration (by enhancing the refractive index contrast of the
constituent mirror materials).

For large-area substrate-transferred mirrors, as opposed to
suspended micromirrors, the need for Al incorporation into
the high index layers is no longer valid because the selective
etching procedure is unnecessary for the fabrication of such
bulk optics. Going from Al 1,GagggAs to GaAs additionally
yields a slightly higher index contrast, further reducing the en-
ergy penetration depth at 1064 to 163 nm. The index contrast
could further be increased by using AlAs for the low index
layers. However, this makes the layer stacks sensitive to lateral
oxidation when the wafer is cleaved into chips or etched into
small resonators. Here, the addition of Ga is known to
significantly improve the material stability [15] and thus
Al 9,Gag ogAs was used for the low index layers as a compro-
mise for a reduced oxidation rate with acceptable index
contrast. The shorter penetration depth in these mirrors
reduced the absorption to about 40 ppm for a 46-period stack
grown at 770°C [see asterisk in Fig. 3(b)]. When growing the
stack at 720°C, this value was further reduced to 18 ppm. The
smaller absorption at the lower growth temperature again can
be attributed to the lower C background doping. Still, these
values are not in the single digit or even subppm range as
required for high-finesse (>10°) reference cavities [16].

To test the assumption that free carrier absorption is the
root cause of the excess absorption in our MOVPE-grown
DBRs, base mirrors with 36 layer pairs were grown at 770°C.
These were then overgrown with 10 layer pairs that were inten-
tionally doped with Si at 770°C and 720°C. Additionally, a
semi-insulating substrate was overgrown with the final 10 layer
pairs in the same growth run. Figure 3 summarizes the results of
the electrical characteristics together with the measured absorp-
tion values via PCI at 1064 nm against the disilane flow rate
injected into the reactor. For the initially used high growth tem-
perature of 770°C, the electrical characterization was done by
contactless sheet resistivity measurements (squares) and by Hall
effect measurements (dots). Both methods yield nearly identical
results [Fig. 3(a)]. Without the addition of disilane, a sheet re-
sistivity of approximately 800 Qcm™2 is obtained [see asterisk
in Fig. 3(b)]. The resistivity increases up to about 3300 Qcm™
for 0.16 sccm of disilane and then drops again to approximately
2500 Qcm™ when the layer turns n-type. With increasing
sheet resistivity, the absorption drops from 40 ppm to slightly
below 20 ppm where it stays also when the p-doping is slightly
overcompensated and the layer turns n-type. This is in line with
the lower free-carrier losses observed in n-type AlGaAs-based
VCSEL mirrors as compared to p-type ones [17]. However,
while this is generally accepted and a factor of about three
higher absorption for p-type compared to n-type at higher dop-

ing levels has been reported [18], no reliable literature values on
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Fig. 3. Sheet resistivity of 10 Alyg,GaggAs/GaAs layer pairs (on
semi-insulating substrate) versus flow rate of the dopant source disilane
(a) grown at 770°C and (b) grown at 720°C. The absorption values of
these 10 layers grown in parallel on base mirrors without compensa-
tion by Si doping (36 pairs) are given at each data point. The asterisk in
(b) marks the value for a stack grown at 770°C without Si doping.

free-carrier absorption at low background doping in AlGaAs
layers could be found.

For the lower growth temperature of 720°C, the undoped
10 layer stack shows more than double the sheet resistivity
(approximately 1800 Qcm™2) than that grown at high temper-
ature [Fig. 3(b)]. Additionally, compensation is achieved at less
than half the disilane flow (about 0.07 sccm) and yields a higher
sheet resistance of more than 5000 Qcm™. These findings are
in line with the lower carbon background at lower temperature.
This then finally allowed a reduction of the absorption to the
single digit region with 8 ppm for the highest sheet resistivity
multilayer. Going slightly to the n-side, the low absorption is
maintained. This result is a significant improvement over our
baseline absorption values as well as those for nonoptimized
structures which were typically in the 40-50 ppm range.

In conclusion, free-carrier absorption due to p-type back-
ground doping with carbon has been identified as an important
absorption mechanism in low-loss AlGaAs Bragg mirrors grown
by MOVPE. Minimizing carbon incorporation through the use
of a reduced growth temperature of 720°C resulted in a reduc-
tion of absorption losses from 40—-50 ppm to about 20 ppm.
Compensating the acceptor carbon by doping with the donor Si
allowed for a further reduction into the single-digit ppm range.
This qualifies MOVPE material for applications requiring a
modestly low absorption value (on the order of 10 ppm). The
reduction achieved by compensation doping now allows one to
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also leverage the capability of MOVPE for strain compensation
by adding P to the layer stack [19]. This gives an additional
degree of freedom in the design of crystalline Bragg mirrors
for low-loss cavities. The low absorption values below 1 ppm
obtained with GaAs /Al 9, Gag ggAs mirrors grown by molecu-
lar beam epitaxy (MBE) [16,7] remain a challenging but inter-
esting future target for MOVPE.
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