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Fabrication of high Q@ square-lattice photonic crystal microcavities
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This work discusses the fabrication of two-dimensional photonic crystal microcaff&lels in a

thin GaAs membrane. We have developed a fabrication process for square-lattice, single-hole-defect
devices, a class of PCMs that is critically sensitive to fabrication accuracy, demonstrated coupling
of InAs quantum dots to the cavity modes, and shown the sensitivity of the emission to the quality
of the fabrication process. Reactive ion etching conditions were optimized to produce photonic
crystal holes with smooth, straight sidewalls. To achieve uniform hole sizes throughout the device,
we developed a method to correct the proximity effect introduced while defining the photonic
crystal holes using electron-beam lithography. Resulting cavities have resonances with quality
factors as high as 4000, which proves the quality of our fabrication2003 American Vacuum
Society. [DOI: 10.1116/1.1629298

[. INTRODUCTION cally dependent upon fabrication accuracy. Analyses of loss

mechanisms in photonic crystal membranes suggest that fab-

rication accuracy is essential to achieve desired device
erformancé:!® Therefore, we prove the accuracy of our
rocess by demonstrating highoptical results.

Two-dimensional photonic crystal microcaviti€BCM9
formed in a thin semiconductor membrane are well suited fo
future nanoscale optoelectronic systems since they exhib
three-dimensional control of light while remaining compat-
ible with planar nanofabrication techniques. In addition to
classical communication applications, PCMs have attractel]- DEVICE FABRICATION
attention as possible laboratories to observe cavity quantum The starting material is a heterostructurg Af)GaAs em-
electrodynamidCQED) phenomena. Techniques to suppressbedded with five layers of self-assembled InAs QDs (2
coupling to radiative modes have been used in PCM desigix 10'° cm™2 QDs per layer that constitute the active layer
to identify several PCMs based on a triangular lattice that aref our device with a spectral bandwidth from 870 to 970 nm.
conducive to CQED experiments® Cavities based on a Simulations indicate the range of values of raditand lat-
square lattice have received relatively little attention sincetice constana for photonic crystals supporting cavity modes
the photonic band gap in this geometry is comparativelyin the QD emission spectrum. The photonic crystal pattern
small. Despite the reduced photonic gap, the existence of eonfines the light in the plane of the QD material and the
high quality factor (Q) whispering-gallery-like mode formation of a membrane suspended in air provides strong
(WGM) has been identified in a single-hole-defect PCMvertical optical confinement. The membrane is chosen to be
based on a square-lattice geometB4). The properties of 180 nm, thick enough to fully confine the mode and thin
this mode have been studied theoreticaind experimen- enough to prevent the membrane from supporting higher-
tally characterized at communication wavelendttsnlike  order modes. We have reported previously on the fabrication
many of the triangular-lattice PCMs designed for atomicof membrane PCM8.We have modified this process for
experiments; the antinode of the S1 WGM is located in square-lattice structures which are more critically dependent
the high-index region of the device, which is conducive toupon fabrication accuracy. A schematic of the process, incor-
CQED with semiconductor quantum dot®Ds). We have porating these changes, is shown in Fig. 1. The photonic
previously shown highQ resonances in triangular-lattice crystal pattern is defined in ZEP-520 A from Zeon Chemicals
PCMs internally excited by self-assembled InAs GD8ur  L.P. using a 50 kV JEOL JBX-5D(U) electron-beam lithog-
current work aims to develop a fabrication process in theaaphy(EBL) system and is then transferred into a SiN layer
same material system for S1 PCMs, which are more critiusing CHF reactive ion etchingRIE) to provide a more

durable mask for the final pattern transfer into GaAs. Defin-
3Electronic mail: kih@ece.ucsb.edu ing the photonic crystal holes by dry etching exhibits some
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Fic. 1. Schematic of the fabrication process used to make photonic crysta e 55 3 1 5 3
membrane structures. length (um) length (um) length (um)

Fic. 3. Moderate variation of hole size in one quadrant of a square-lattice
microcavity with a lattice constarda of 400 nm(a) agrees well with the

- . . edicted variation(d). More variation occurs in a smaller devica (
d_egree O.f m_acc_uracy and it h.as pagn Sh_OWﬂ that even ?I'gfﬁsoo nm) experimentallyb) and in simulatior(e). Very strong variation is
sidewall inclination can result in substantial losses for guidedeen in an underexposed microcavity of lattice constant 300(@nand
modes’ Motivated to fabricate low-loss cavities, we have agrees with simulationé) predicting that the dose in the outermost holes
optimized the CHE dry etching process to achieve optimal does not clear the resist.
pattern transfer and straight sidewalls. More accurate pattern
transfer occurs if the SiN is etched at very low GHpftes-
sure. The optimal CHfetching conditions are: 3 sccm, 1 Ill. PROXIMITY EFFECT CORRECTION
mTorr, and 250 V into 750_ A'of nitride. The etph selectivity Due to their square geometry, photonic crystals based on a
between ZEP-520A and SiN is degraded at this low pressurg

f . hick resist | ¢ quare lattice and fabricated using EBL are susceptible to a
and compensated for by using a thick resist laysof 2500 Avariation in photonic crystal hole size over distances of many

During this RIE St_ep a significant ‘?‘mF"%”t of polymer is SPU|attice periods. Our S1 PCMs are fabricated with ten lattice
tered on_t o the SN surface that inhibits _subs_e_q_uent patterBeriods surrounding the defect and substantial variation in
transfer into the GaAs layer. We use a Si€xcrificial layer hole size can be seen in the last several periods in Fig. 3

. correct this problem. A 200 A film of PECVD SjOs where we have reproduced only the upper right quadrant of
deposited between the SiN and ZEP-520 A layers. After EBLy\o qevice to allow closer inspection of the individual pho-
and the CH_E RIE step, th? sputte_red polymer is releasedtonic crystal holes. The variation is attributed to inadvertent
from the SiN surface by immersing the sample B11) o) q5ure in the resist due to the forward- and backscattering
BHF:H,0 for 20 s. The selectivity between Si@nd SiN in of electrons in the resist and substrate, respectively, often

this wet etch is 16:1, ensuring that negligible etching of the gfe e 1o as the proximity effect. Small variation in hole

SiN occurs. The resulting clean SiN etch mask provides acg;,¢ i 2p photonic crystals should not substantially affect

curate patter_n tra_msfer into the GaAs d_evice layer USing48iC|device performance, but it has been computed that substan-
RIE. Immersion in &5:1) H,O:HF solution un_dercut etches i size fluctuation, such as shown in FigbB will greatly
an Al /Gay As .Iayer to fo_rm the freestanding mem_branereduce the size of the photonic gipAs previously men-
struc;]ture. The flnall ‘f)homg'ﬁ crystal _hc;}les are vr(]ary_ dc'rculll""rtioned, the square lattice exhibits a relatively small band gap,
as shown n ';'_g' 2 € ?1 and have straight, smooth sidewalls making it especially critical that the proximity effect should
as shown in Fig. Zright). be corrected. To perform this correction using computational
methods, it is essential to first determine the point spread
function (PSPH of the electron beam in this material system.
This function characterizes all forward- and backscattering
of electrons in the system and it has been shown that the PSF
on GaAs can be approximated by the following equation:
1 1 2, 2 1 2/ 2 v
fr)=—————| e+ Ze"F —e 7|,
m(1+ntv) | 42 2 292
Y

We determined the numerical values of the parameters in Eq.
(1) by systematically varying each one and noting its effect
on the final electron dose distribution in the resist layer. This
Fic. 2. Top view(left) and 45°(right) scanning electron micrographs of a distribution was_ CalCUIa.ted by convolvirigr) with th.e ele(.:- .
single-defect photonic crystal microcavity with a 300 nm lattice constanttror? beam proflle functiortassumed t(_) be a Gau53|an_dlstrl-
and 180 nm membrane thickness. bution of width 15 nm and convolving the result with a
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function representing a PCM that has a value of one in the

photonic crystal holes and zero otherwise. By defining a3 5104
clearing dose that results in photonic crystal holes of thes 8 ;j .
intended size at theenterof the device, we can see, fora 3 2 0.
given a, B, 7, v, and v, how the hole size varies from the © RS,
center to the edge of the device. The parameters in(Hg. ‘1_ ) ,_,é/
were varied until predicted devices matched SEM micro- 0y 1Ien§th (i}
graphs of processed devices of varyinga, and electron d
dose. Our computational predictions agree best with fabri- 4 2l 2: =
cated devices when the parameters ate:0.035 um, €3 3 Jee -4
B=3.78 um, y=0.38 um, »=0.75, andr=0.54. Using this T2 f;z 44 H
PSF, we predict hole size variation in S1 devices as shown ir B 2 "533“- H

] S . o1 T 1 19000000
Fig. 3. In this figure, the images on the top row are SEM <+ &+t 144
micrographs and the corresponding simulation results for the 0 O 1 e0seeseses @

. : 0 1 2 3 4 0o 1 2 3
same device geometr_y and electron_ dpse are shovx_/n in th length (um) length (um)
bottom row. We predict modest variation of hole size for
PCMs with large lattice constana& 400 nm) as shown in  Fic. 4. One quadrant of the optimal pattern to write using electron-beam

; ; ; ; _ lithography to produce a photonic crystal with negligible variation in
Flgs' 3&) and 3d) for eprenment _and SlmU|a,tlon’ respec hole size(a) and the resulting calculated electron dose distribution in the
tively. Significant Va”f'?mor_‘ occurs in PCMs with smaller  resist(h). A device fabricated from this pattetn) agrees well with simula-
=300 nm as shown in Figs.( and 3e). The effects of tions(d).
under/over exposure were also modeled and, as an example,

a device resulting from 5% less electron dose is shown in

Figs. 3c) and 3f) for experiment and simulation, respec-
tively. Since this PSF can be used to predict the final dos
distribution of many PCMs of varying, r, and electron

gations. A corrected device is shown in Figicsand it is
apparent that the extra features around the PCM produce

dose, it must be representative of the forward/backscatterinﬁ?leS Wi.th n_egligip le variation in size while p_reservi_ng_ thg
in our material system and can be used to correct the prox! echanical integrity of the membrane. The size variation is
imity effect quantified in the inset of Fig. 5 whenda is plotted as a

Full proximity effect correction can involve a detailed, function of lattice period along the diagonal for two devices

: : ) with a=300 nm, one without correction and one incorporat-
pattern-dependent, point-by-point dose correction. In our o .

' o . Ing the extra features. The range of application of this form
case, we had a simple, repetitive pattern where the major

feature size change involved the photonic crystal holes at thO]c proximity correction includes all S1 PCMs resonant in our
: . . .. QD emission rangéa from 290 to 310 nm We do not report
periphery of the pattern. In order to achieve a fairly rapld,5 ge m P

. licabilitv f ide thi ime.
sufficiently simple compensation of dose to those periphera(i)n its applicability for patterns outside this regime

holes, we adopted the method of writing extra features near
the corner of the pattern. This elevates the electron dose
there, increasing the size of the outermost holes. By usinc

the method described above to calculate the total electror 1 -

dose distribution in the resist, we simulated the effect of I . . o0,
writing extra features around the corners of S1 PCMs. By 03 °
varying the size, location, and electron dose of these extré—~ 08y 2. o
features by trial-and-error, and then analyzing the resultingg 1 :::Emfm; .
predicted devices, we designed a pattern that limits variatior’S, 0.6+ .

in hole size across the device to under a few percent. Optica’a e

measurements, presented in a later section, were used to eﬁ gl
tablish that this was adequate correction to achieve desire-S
device performance. The corrected pattern is shown in Fig.

4(a) for one quadrant of the device. The extra features are 02|
given a relatively high electron dose compared to the photo-
nic crystal holes, up to 12 times as much in certain areas :
Since the device is a suspended membrane, we designed tt 840 860
extra features so that they did not completely surround the

PCM. Such a pattern would cause the device to collapse. Thes. 5. Photoluminescence from a square-lattice microcavity with substan-
calculated electron dose distribution for the corrected devicetal variation in hole size due to uncorrected proximity effect from the elec-
; ; ; ra ; tron beam lithography. The inset quantifies the hole size variation in terms
Idsuiz(s)vtv:e"(;ef/li%e(l:fio?l\?:,ina::%(zapelgglgl 3'23222 Vc\j/gfee’f;bro- of radiusr dividgedpbg lattice consqtami as a function of lattice position

) - ) ~~ along the diagonal and is compared to a device incorporating proximity
ricated with the extra corner features predicted by our simueffect correction.

lattice period

880 90 920 940 960 980 1000
wavelength (nm)
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17 andt/a=0.6 (wheret=180 nm is the thickness of the GaAs

. T membrang were of the highest quality and high-resolution
spectra from two separate, but nominally identical, devices
are shown in of Figs. @ and Gb) fit to Lorentzians ofQ
=4000 and 3600, respectively.

o
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o

! } V. CONCLUSION

We have optimized a fabrication process for defining pho-
tonic crystals in a thin GaAs membrane. By using very low
— . pressure RIE to define the SiN etch mask and removing sput-

tered polymer from the surface of the mask prior to pattern
transfer into the GaAs, we have achieved circular photonic
crystal holes with smooth, straight sidewalls. We have pro-
M posed a simple technique for correcting hole size fluctuations
850 900 950 resulting from the proximity effect. This correction is critical
wavelength (nm) in the fabrication of square-lattice PCMs due to their rela-
tively small photonic band gap and geometry that is suscep-
microcavity of lattice constarda=300 nm and/a=0.37. The variation in tible. o _errors produced by the proximity effect. To t.es.t our
hole size throughout this device is negligible. Hig.h-liesolution PL is dis-fabncatl(_)n_ process, _Sl PCMS_Of Varylaga'nd_r/a’ exhibit-
played in the insets for a slightly different geomet<(300 nm anar/a NG negligible hole size variation, were optically character-
=0.38), showing the high Q values ¢ 4000 and(b) 3600 in two sepa- ized and shown to support high quality resonances Qits
rate, but nominally identical, devices. high as 4000. The observation of emission within the narrow
bandwidth defined by the S1 band gap into h@modes is
only possible with much attention paid to the accuracy of the

V. OPTICAL CHARACTERIZATION device fabrication. We have achieved this with the fabrica-
tion process reported in this article.
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Fic. 6. Photoluminesceno@L) from a typical single-defect, square-lattice

Spatially resolved photoluminescen@d.) measurements
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