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Abstract

In an effort to understand why short wavelength (~1000 nm) GaAs-based photonic crystal slab nanocavities have much lower
quality factors (Q) than predicted (and observed in Si), many samples were grown, fabricated into nanocavities, and studied by
atomic force, transmission electron, and scanning electron microscopy as well as optical spectroscopy. The top surface of the
AlGaAs sacrificial layer can be rough even when the top of the slab is smooth; growth conditions are reported that reduce the
AlGaAs roughness by an order of magnitude, but this had little effect on Q. The removal of the sacrificial layer by hydrogen fluoride
can leave behind a residue; potassium hydroxide completely removes the residue, resulting in higher Qs.
© 2009 Elsevier B.V. All rights reserved.
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The small volume of a photonic crystal slab
nanocavity makes it attractive for low-threshold lasing
[1] and, with high-quality-factor designs [2], for
semiconductor quantum optics, especially strong
coupling between a single quantum dot and a single
cavity mode [3-9]. The quality factor Q (cavity
frequency v divided by FWHM cavity linewidth) in a
few cases has exceeded 15,000 [3,8,10,11] for fabrica-
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tions on samples intended for strong coupling. More
typically it is less than 10,000, particularly for the
wavelength A in the range 900-1000 nm where Si
detectors greatly improve measurements. Very high-Q
values have been computed for various cavity designs,
but fabricated Qs are always much higher in silicon than
in the GaAs system. In fact, a Q of 45,000 was already
reported [2] in silicon for the L3 design used in [3] and
throughout this article; optimization of that design has
yielded 150,000 computationally [12] and 110,000
experimentally in Si (1.5 wm) [13]. This paper reports
that whereas reducing the roughness of the top of the
AlGaAs sacrificial layer did not improve Q noticeably,
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Fig. 1. (00 2) dark-field cross-section TEM images of PC sample showing that AlGaAs (light) roughness is greater along (a) [1 1 0] than (b)
[—1 1 0]. The growth of GaAs (dark) almost flattens the surface by the time the first superlattice (SL) is grown (see arrows). The growth sequence of
PC: GaAs buffer, ~700 nm Al 94Gag gsAs grown as a superlattice, 37.5 nm GaAs, 17.5 nm superlattice, 70 nm GaAs, 7.8 nm InGaAs quantum well
with a layer of InAs quantum dots one-quarter in, 70 nm GaAs, 17.5 nm superlattice, and 37.5 nm GaAs.

using potassium hydroxide (KOH) to remove debris left
behind in etching away the AlGaAs sacrificial layer did
increase Q appreciably.

1. Reducing roughness at the top of the AlGaAs
sacrificial layer

One of the diagnostics that can be used to evaluate a
sample before fabrication is to scan the surface by
atomic force microscopy (AFM). Scans (40 pm X
40 wm) of our samples typically gave root mean square
(r.m.s.) values around 1 nm, indicating smooth top
surfaces consistent with scanning electron microscopy
(SEM) images of the fabricated nanocavities. Cross-
section transmission electron microscopy (TEM)
images of the sample used for our initial observation
of vacuum Rabi splitting [3] revealed that the AlGaAs/
GaAs interface is rough; see Fig. 1. TEM images of
three of our samples grown for fabrication in the 900—
1000 nm wavelength range looked almost as rough. The
smoothing accomplished by growth of the first few
monolayers of GaAs helped to conceal this problem, as
shown in Fig. 1 — which also shows that the roughness is
much larger along [1 1 0] than along [1 —1 O].

‘What characteristics must the sacrificial layer have?
The Al content x of the Al,Ga;_,As needs to be in the
range between 0.55 and 0.90 for etching with
hydrofluoric (HF) acid. For x > 0.90 the etch rate is
so fast that it is impractical to use an HF etch; steam
oxidation of the AlGaAs in a furnace permits the use of
a KOH wet etch, but it also introduces another step in
fabrication which can be avoided by choosing a lower
Al content. For x < 0.55 the etch rate is impractically
slow. The AlGaAs needs to be thick enough to prevent
light leakage to the substrate once the sacrificial layer

has been removed; a thickness of 800-1000 nm is often
used for 900 < A < 1200 nm of interest here. The
growth of smooth AlAs layers in Bragg mirror
structures in vertical cavity surface emitting lasers
(VCSELSs) and planar microcavities is easier; the AlAs
layer is typically only 70 nm thick and alternates with a
similar thickness GaAs layer which smoothens any
roughness at the top of the AlAs layer. The growth of
smooth Al,Ga;_,As in heterojunction lasers is also
easier because x rarely exceeds 0.4.

Once the AlGaAs roughness was discovered, a quick
and effective approach was taken to optimize the
molecular beam epitaxy (MBE) growth: stop after
growing Al,Ga,_,As, immediately remove the sample,
and scan it by AFM. Growth parameters investigated
included introducing a growth interruption to give time
for smoothing under As, growing a thin layer of GaAs,
and using a misoriented substrate. Most structures can be
grown as well on a flat substrate as on one polished with
the normal to the surface tilted a few degrees toward a
particular crystal axis. However, it is known that the
growth of AlGaAs is preferentially along step edges lying
along [1-10]. If the surface is perfectly flat, then the
surface diffusion may be inadequate to reach such an
edge and island formation and 3D growth can result. This
is consistent with Fig. 1 where it was found that the
AlGaAs surface is rougher along [1 1 0] than along
[1 —1 O]. Therefore, if one has not yet identified the ideal
conditions for growth on a flat substrate, growth on a
tilted substrate may be flatter. Consequently, growth on
(0 0 1) GaAs substrates misoriented by 2° toward [1 1 0]
was tried. As summarized in Table 1, several samples
grown under approximately the same conditions showed
that using a tilted substrate instead of a flat substrate and
increasing the number of monolayers of GaAs always
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Table 1

Summary of samples, growth parameters, and resulting surface.

Sample X Periods AlGaAs (nm) GaAs (ML) GI (s) Cut (°) r.m.s. (nm)
QD24 0.7 1 1000 0 0 0 1.27*
QD29 0.7 12 100 7 120 0 0.83*
QD30 0.7 10 100 0.5 120 2 3.5

QD31 0.7 1 1000 0 0 0 27

QD33 0.5 1 10 0 0 0 0.69
QD35 0.52 100 10 2 21 0 1.86
QD37 0.51 100 10 2 21 2 1.14
QD38 0.8 81 10 0.5 21 0 3.8
QD39 0.75 80 10 0.7 21 2 2.0
QD41 0.75 80 10 0.5 21 2 1.14%
A0947 0.55 80 10 0.85 21 0 1.3
A0950 0.75 5 160 0 60 0 0.41
A0961 0.75 2 400 0.5 120 0 0.4*
Notation: “x is Al concentration in AlGaAs; “Periods” is the number of times the sequence AlGaAs, GaAs, growth interruption was repeated;

“AlGaAs” is the thickness of AlGaAs grown before the growth of GaAs of thickness “GaAs™ (““ML” is monolayer = 0.283 nm) followed by a
growth interruption of duration “GI”’; “Cut” is the substrate misorientation angle; the root mean square AFM surface roughness is “‘r.m.s.”’, and
values marked with an asterisk (*) indicate the top of the GaAs slab, not grown on the other samples. QD31, grown like the AlGaAs in QD24, is

representative of our AlGaAs before the present study.

decreased the r.m.s. value. However, the GaAs thickness
needs to be less than one monolayer (ML) for good
etching of the sacrificial layer. It was also found that
decreasing the ratio of the As flux to the sum of the Al and
Ga fluxes from 26 to 13 decreased the roughness. The
results discussed so far were for samples grown in Tucson
using a Riber 32 MBE machine. The substrate
temperature was 570-580 °C. The Al concentration x
was changed by varying the Ga flux, holding the Al flux
constant; the AlGaAs growth rate was about 0.63
(0.86) ML/s for x=0.75 (0.55). Even flatter AlGaAs
was grown on a Riber Compact 21 MBE machine at the
University of Karlsruhe (samples beginning with “A” in
Table 1). There the growth rate was about 0.858 ML/s
calibrated by reflection high energy electron diffraction
(RHEED) oscillations, and the As, pressure was typically

8 x 107 Pa, roughly half that used in Tucson ((1.5-
2.1) x 10~* Pa). RHEED patterns were observed several
times during each growth to monitor flatness and to keep
the V/III flux ratio close to but above the transition to Ga-
stabilized surface structure, leading to flatter growth.

2. Q values of nanocavities with smoother
AlGaAs

Having determined growth conditions for AlGaAs
flatter by an order of magnitude, we began growing
complete structures, i.e., slabs on top of the
Al,Ga;_,As. For examples, see QD41 and A0961 in
Table 1, where the r.m.s. values are now for the top of
the GaAs slab. The TEM images in Fig. 2 verify that the
AlGaAs is much flatter than in Fig. 1. The nanocavity Q

Fig. 2. (00 2) dark-field cross-section TEM images of (a) QD41 and (b) A0961 showing successful growth of flatter AlGaAs sacrificial layers

(marked by arrows).
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Fig. 3. Quality factors versus wavelength for A0961-3; cavities with
Q <4000 were not measured usually. The inset shows the photo-
luminescence spectrum for one of the highest Os, and the blue curve is
a Lorentzian fit to the data.

values of these samples were measured via their
photoluminescence spectra with cw nonresonant
excitation at 780 nm. The fabrication run A0961-3
yielded the Q values plotted in Fig. 3; a Q of 16,250, one
of the highest Qs found, is shown in the inset. For
comparison, the highest Q value obtained on rough-
AlGaAs samples for & < 1000 nm was 9000, whereas it
reached 20,000 at A = 1200 nm [10]. Therefore the
data in Fig. 3 spanning 200 nm are consistent with the
disjoint rough-AlGaAs data. This agreement means
that taking the trouble to grow smoother AlGaAs did
not improve the Q with our present fabrication quality.
Fig. 3 shows little change in Q for wavelengths longer
than 1020 nm, suggesting that O may be limited by

90® ..
09000 -

non-vertical holes or fluctuations of hole shapes rather
than Rayleigh scattering from imperfections which
should increase as A*. QD ensemble absorption and
surface state absorption may cause the reduction in Q
for short wavelengths.

3. KOH dip

The results just described for A0961-3 were
obtained after the fabricated sample was dipped in
a KOH solution (25 g/100 ml of deionized water) for
140 s just before it was placed in the cryostat and
evacuated. This last step was added after an
inspection of the SEM micrographs (Fig. 4a) revealed
the presence of a semi-transparent object partially
covering two holes in the upper left of the
micrograph. AFM scans (Fig. 5) revealed the density
and height variation of the debris and confirmed the
hypothesis that this debris had floated and settled on
the top of the slab after a successful dry etch.
Speculating that this debris originated during the wet
etch in the HF acid solution (1:10=HF:H,O by
volume) and was probably a hydroxide of aluminum,
we dipped the sample in a KOH solution. As is
evident from the AFM scans, this process removed
the debris completely. The effect of the KOH
cleaning of surface debris on 10 different cavities
was pronounced, showing an average improvement of
50%. One particular nanocavity from fabrication run
A0961-3 showed a 73% improvement in Q from 4500
to 7800. Photoluminescence intensity also increased
substantially, and the cavity modes shifted to higher
energy on average 11 meV for all KOH treated
cavities; see Fig. 4b for typical data.
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Fig. 4. (a) SEM image of part of one nanocavity in the fabrication run A0961-3 after O, plasma cleaning but before KOH cleaning. The lighter
colored debris can be seen partially covering holes two and three in the second row and in several other locations. (b) Microphotoluminescence from
a particular nanocavity of the fabrication run A0961-3 before and after KOH cleaning.
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Fig.5. AFM images of a few nanocavities of the fabrication run A0961-2 after O, plasma cleaning and (a) before swishing in a KOH solution (1.25 g
KOH in 10 ml H,0), (b) after 60 s, and (c) after 140 s. The bright yellow spots in (a) and (b) are debris that exceed 50 nm in height; the one in the

bottom left corner of (a) exceeds 600 nm.

4. Summary

It was discovered by TEM that the top of the high-
Al AlGaAs sacrificial layer in many of our MBE
samples grown for fabrication of photonic crystal slab
nanocavities is rough — even though the top surface of
the sample (the top of the GaAs slab) is relatively flat,
as had already been determined by AFM. MBE
growth conditions were found that decrease the
AlGaAs roughness by more than an order of
magnitude. The improved smoothness will eventually
be important for fabrication of high-Q nanocavities
although its contribution at present is small. In
addition, the efficacy of KOH in removing residue left
behind in etching away the sacrificial layer is
demonstrated.
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