METHOD FOR ETCHING SMOOTH SIDEWALLS IN IlI-V BASED COMPOUNDS FOR
ELECTRO-OPTICAL DEVICES BACKGROUND 5 The etching of smooth sidewalls in [lI-V compounds
is important for optical applications. Scattering loss in electro-optical devices is proportional to sidewall
roughness. Hence, the performance of devices such as waveguides, microdisc resonators, photonic
crystal waveguides and NHSTFHIICRGREECBAMG IS E§ERd SSERFIY Ad dufe I 11df YHAsMidwall roughness.
Single mode ridge waveguides in InP and GaAs typically require dimensions on the order of 0.5 m to
maintain single mode performdr@Y/BOICINEFJRISLEEHBA-PR IS DEY Kekface are a large
component of the propagation loss. Most work on etching IlI-V compounds such as InP for low loss
waveguides has focused on CH4:H2 chemistry in standard reactive ion etch (RIE) 15 systems. A feature
of sidewalls produced in standard RIE systems iﬂbﬁkta%&'&zﬁ/alls are sloped. Some electro-optical
devices require highly vertical sidewall geometries Tor improved device performance. For example, in
photonic crystag lattices, it is important to provide highly vertical sidewall geometries to enable large
photonic bandgaps for device performance. 20 Hence, it is desirable to have etch chemistries that enable
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applications. Scattering loss in electro-optical devices is proportional to sidewall
roughness. Hence, the performance of devices such as waveguides, microdisc
resonators, photonic crystal waveguides and photonic crystal resonators depends on
10 reduction of the sidewall roughness. Single mode ridge waveguides in InP and GaAs
typically require dimensions on the order of 0.5 pum to maintain single mode
performance as scattering losses from the waveguide surface are a large component of
the propagation loss. Most work on etching III-V compounds such as InP for low loss
waveguides has focused on CHs:H, chemistry in standard reactive ion etch (RIE)
15 systems. A feature of sidewalls produced in standard RIE systems is that the
sidewalls are sloped. Some electro-optical devices require highly vertical sidewall
geometries for improved device performance. For example, in photonic crystal
lattices, it is important to provide highly vertical sidewall geometries to enable large
photonic bandgaps for device performance.
20  Hence, it is desirable to have etch chemistries that enable highly vertical sidewall
geometries with smooth sidewalls.
Inductively coupled plasma (ICP) etch systems typically produce a higher
degree of vertical etches for most materials due to the increase in density of active
species. However the chemistry selection still plays an important role in obtaining

25  high aspect ratio etching. Typically, a CH4:H; based chemistry is used for etching InP



degree of vertical etches for most materials due to the increase in density of active species. However the
chemistry selection still plays an important role in obtaining 25 high aspect ratio etching. Typically, a
CH4:H2 based chemistry is used for etching InP 1 ; however, CH4:H2 based chemistry has difficulty
etching very high apect ratios. . Using chlorine based chemistry is problematic for obtaining high aspect
ratio etching due to thevhighl\Cldabtivesedtghenof chilbrindifRadenttalonk ygriviirkdirimne¢sedipttorney Docket
No. 10030753) has shown the usefulness of using HBr:CH4:H2 chemistry to 5 achieve deep etching in
I1I-V compounds. HEWegehlphaeshassdahs BitheianblEmuy fefrobtipinin ehisnsaarain & hérmpositions
such as InGaAsP exhibit rough sidewalls when using Hbr.CH4:H2 chemistry. SUMMARY OF
INVENTION 10 Bcigeataakﬁd%@%@%ﬁgtfm@%@é tBIprEgidRe Highesh B LY AHa BRARE DGR with
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surfaces. Optical 10SSeS on harrow waveguides have been typically reduced by 8 factorof 19 through the

8013.addirionssanda%dvé%'dsﬁhe@ﬁeg dqi A @mégﬂnn%nﬁg@e%bi&%%%%%ﬁ%%%@ﬁ%ﬁ fatgs of 35
nm/min using standard CH4:H2 based 15 chemistry. BRIEF DESCRIPTION OF THE DRAWINGS FIGs.
la-lc show steps for gtehing sReRthHigh-aspeshidgualisIRRECPREARSE Wit BY S RIQMIs

when using Hbr:CH4:H, chemistry.

SUMMARY OF INVENTION
10  BCl; additions chemistry is used to provide high aspect ratio etching together with
smooth sidewalls. The BCl; additions improve the smoothness of the etched sidewalls
and other surfaces. Optical losses on narrow waveguides have been typically reduced
by a factor of 10 through the BCl; additions and typical etch rates of 370 nm/min can
be achieved compared to etch rates of 35 nm/min using standard CH4:H, based

15  chemistry.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. la-1c show steps for etching smooth high aspect sidewalls in accordance with
the invention.

20  FIG. 2 shows a graph indicating the change in propagation loss versus the percent by
volume of BCl; in the etch in accordance with the invention.
FIG. 3 shows a reactor capable of RIE and ICP mode in accordance with the
invention.
FIGs. 4a —4b show the effect of adding ICP mode in accordance with the invention.

25



20 FIG. 2 shows a graph indicating the change in propagation loss versus the percent by volume of
BC13 in the etch in accordance with the invention. FIG. 3 shows a reactor capable of RIE and ICP mode
in accordance with the invention. FIGs. 4a -4b show the effect of adding ICP mode in accordance with
the invention. 25 2 DETAILED DESCRIPTION OF THE INVENTION In accordance with an embodiment
of the invention, appropriate madRkHIWILEDMDESEFIRTTIAN ©piddil BYOZENTI(BN4 is grown onto 111-V
epitaxial layer 110 or 5 onto IlI-V substrate 105 of sample 100. Layer 130 is either photoresist or e-beam
resist. Typical llI-V materials are those that are combinations of Group Il elements such as Al, Ga, In
and B and Group V elements such as N, P, As and Sb. In accordance with the invention, the use of Si02

or Si3N4 mask 120 or oth&t AR ALK HRERRCGHETR S HIS AERTRY BERIEBRIh B4 W fhaterial and

the IlI-V 10 material, The et P‘EI'; e ratio of InR/SiO2 ranges from 20-5 pending on the etch conditions
which 1 quite targe NS EICAD bAgE ST o 0 PR Ao T ARLGH dEoR rhADS! 1 F1G. I,
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m on layer 130. 15 Typicallpitherdesirpssiab Ratiestistietsresrashinemepkiavg k29 Heing a dry etch

such as Al, Ga, In and B and Group V elements such as N, P, As and Sb. In
accordance with the invention, the use of SiO, or SizNs mask 120 or other similar
mask material offers etch selectivity between the mask material and the II-V

10  material. The etch rate ratio of InP/SiO2 ranges from 20-50 depending on the etch
conditions which is quite large. Chlorine Cl, based chemistries do not afford these
types of etch ratios.. In FIG. 1b, mask layer 120 is defined by lithographic techniques
such as direct write electron beam, standard contact lithography or other lithography
appropriate for the desired feature size typically on the order of 1 pm on layer 130.

15  Typically, the desired etch pattern is transferred into mask layer 120 using a dry etch
technique such as CHF3 in an RIE system. Sample 100 is then etched using either an
RIE or inductively coupled plasma (ICP) system yielding a high aspect ratio structure
with smooth sidewalls 115. In FIG. Ic, photoresist layer 130 is removed using a
solvent bath followed by a high pressure (400mTorr) O2 plasma clean. .

20 In accordance with an embodiment of the invention, chemistries involving
CH., H,, HBr and BCl; are then used to transfer the lithographically defined features
into III-V layer 110 or II-V substrate 105 . The chemistries involving CHy4, H,, HBr
and BCl; provide the desired smooth etch by forming a passivation layer on sidewalls
150. The smoothness of sidewalls 150 in FIG. 1 may be estimated from scanning

25  electron microscopy which then influences the propagation loss measurements. Note



technique such as CHF3 in an RIE system. Sample 100 is then etched using either an RIE or inductively
coupled plasma (ICP) system yielding a high aspect ratio structure with smooth sidewalls 115. In FIG. | c,
photoresist layer 130 is removed using a solvent bath followed by a high pressure (400mTorr) 02 plasma
clean. . 20 In accordance with an embodiment of the invention, chemistries involving CH4, H2, HBr and
BC13 are then usedha iraasfedtneclithidy thpcayodeflhed Batresmintombivaayeri $¢®ar NV substrate
105 . The chemistries involving CH4, H2, HBr and BC13 provide the desired smooth etch by forming a
passivation layer org&igRiprsciesOBrHe bnieotivsesdviieipalldBrsdha rine1(hhaylberistyated from
scanning 25 electron microscop¥ which then influences the propagation loss measurements. Note 3 that

in accordance with BSE3YR/ERIGH VYR BF Sragite Eshinh L5n DlVYSur PHlgaslon i i (Br, F, 1)

may be substitutedv{/ r HBr. The iodine (1) wil| typicall g ave similagly with the bromine (Br) and form a
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layer on 5 Side‘ééa"Ss%%%agﬁd%f")?zl%}%%ﬁ?%da%g&%%@ ‘y(i}% iﬂ!‘?&%%oﬁ,%%% e Hegd mith H2 and

CH4 such that the ratio of CH4 to H2 Is greater than 1:1, for example 2:1, reSpectively. In accordance

with the invention, the gtghcanemistinis fPicaly eanhination AfHBliGH#:H3BCL3n typical
embodiments in accordance with the invention, the 10 ratio of HBr:CH4:H2 is set to about 30:5:5 while
BC13 may be adjustegdeneyabout
In accordance with the invention, the etch chemistry is typically a combination
of HBr:CH4:H,:BCl;. In typical embodiments in accordance with the invention, the
10 ratio of HBr:CH4:H; is set to about 30:5:5 while BCl; may be adjusted up to about
50% by volume. Using ICP instead of RIE typically enhances the smoothness
although, typically, significant reductions of surface roughness are achievable using
RIE alone.
In an embodiment in accordance with the invention, the ratio of HBr:CHy:H,
15 is set to about 30:5:5 while BCl; is typically adjusted to about 33% by volume.
Typically, propagation loss is significantly reduced for this embodiment along with
the surface roughness of sidewalls 115. From graph 200 in FIG. 2, it is apparent that
as the concentration of BCls approaches about 33% by volume the propagation loss
decreases, as the concentration of BCl; exceeds about 33% by volume the propagation
20  loss increases as a consequence of increased surface roughness of sidewalls 115.
With reference to FIG. 3, typical values for reactor 305 in accordance with the
invention are having radio frequency (RF) generator 310 typically operating at about
13.56 mHz and in the range 0-200 watts while having RF generator 320 typically

operating at about 2 mHz and in the range 50-800 watts with reactor 305 at a pressure

25  typically in the range 2-20 mTorr. Sample 100 is placed on heater 350. For InP based
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50% by volume. Using ICP instead of RIE typically enhances the smoothness although, typically,
significant reductions of surface roughness are achievable using RIE alone. In an embodiment in
accordance with the invention, the ratio of HBr:CH4:H2 15 is set to about 30:5:5 while BC13 is typically
adjusted to about 33% by volume. Typically, propagation loss is significantly reduced for this embodiment
along with the surfacgemnlghine ssrpksiteevalis 386 1d-AORE griti 200k irs FIPeQedt iBaapharemahat as the
concentration of BC13 approaches about 33% by volume the propagation loss decreases, as the
concentration of BO¢@RSkeBEIS abbeihEbos Byvs|thnetthe o SastisAre2B oS ndseases d8xa
consequence of increased surface roughness of sidewalls 115. With reference to FIG. 3, typical values for

reactor 305 in accofBaMaHiAPaIRe ficRtichhrean AR ARRebY AbRIdREyiREN g e atBr & 8y pically

operating at about 13d56. mHz and in the range 0-200 watts while having RF generator 320 typically
operating at about 22 RRE R RE range 50-800 watts with reactor 305 at a pressure 25 typically in the

range 2-20 mTarr. Sampqu%og%fed‘%k?g%dﬁrgg?ﬁ%e\n 3991 Clﬂ%@agg%ﬁ énr%%%gl%lﬁfeg)t%mﬁrrature was

set to 60'C although it is expe at the al temperature may uring the etch. The

temperature setting;js, determHogH,Ryeths HatIalReiRg SlehagAnC.max b hidhehorawarlor the other

[1I-V materials under investigation. 5 RF generator 320 by providing inductively coupled plasma (ICP)
power damage to sidewalls 115 as is apparent from FIGs. 4a and 4b. FIG. 4a shows an

electron micrograph of sidewalls 115 using RF generator 310 only resulting in a pure
RIE etch. The ratio of BCl;:HBr:H,:CHy is set at 3:32:4:4 and BCls is set at 7% by
10 volume. FIG. 4b shows an electron micrograph of significantly smoother sidewalls
115 when using reactor 305 with ICP mode included so that both RF generator 310
and RF generator 320 are in use. The ratio of BCl3:HBr:H»:CHy is set at 3:32:4:4 and
BCl; is set at 7% by volume.
In an embodiment in accordance with the invention, RF 310 is typically set at
15  about 100 watts while RF 320 is typically set at about 400 watts at a typical pressure
of about 5 mTorr in reactor 305. However, under these conditions the effective DC
bias lies at about 350 volts. For some optical applications, this DC bias value may be
too high causing etch damage due to the highly energized incoming ions. The DC bias
is typically reduced by reducing RF1 310 to values under 75 watts. Reduction in RF1
20  reduces the DC bias while preserving the smooth sidewall structure.
While the invention has been described in conjunction with specific
embodiments, it is evident to those skilled in the art that many alternatives,
modifications, and variations will be apparent in light of the foregoing description.

Accordingly, the invention is intended to embrace all other such alternatives,



increases the number of ionized species and enables anisotropic etching with less damage to sidewalls
115 as is apparent from FIGs. 4a and 4b. FIG. 4a shows an electron micrograph of sidewalls 115 using
RF generator 310 only resulting in a pure REE etch. The ratio of BC13:HBr:H2:CH4 is set at 3:32:4:4 and
BC13 is set at 7% by 10 volume. FIG. 4b shows an electron micrograph of significantly smoother
sidewalls 115 whemgdifigereastem@0swwitionChandevindliuddd spithanbottrRi-ofehermpm8dd and RF
generator 320 are in use. The ratio of BC13:HBr:H2:CH4 is set at 3:32:4:4 and BC13 is set at 7% by
volume. In an embodifiEnt in accordance with the invention, RF 310 is typically set at 15 about 100 watts
while RF 320 is typically set at about 400 watts at a typical pressure of about 5 mToff in reactor 305.
However, under these conditions the effective DC bias lies at about 350 volts. For some optical
applications, this DC bias value may be too high causing etch damage due to the highly energized
incoming ions. The DC bias is typically reduced by reducing RFI 310 to values under 75 watts. Reduction
in RFI 20 reduces the DC bias while preserving the smooth sidewall structure. While the invention has
been described in conjunction with specific embodiments, it is evident to those skilled in the art that many
alternatives, modifications, and variations will be apparent in light of the foregoing description.
Accordingly, the invention is intended to embrace all other such alternatives, 5 modifications, and
variations that fall within the spirit and scope of the appended



claims. 6 CLAIMS 1. A method for etching a Ill-V based compound comprising: creating a mask on said
[11-V based compound; placing said Ill-V based compound and said mask into a reactor having a 5
pressure between about 2 mTorr to about 20 mTorr; introducing a first gas chosen from HBr, HI, and IBr
into said reactor; introducing second gas of BC13 into said reactor; and exposing said IlI-V based
compound to a gas plasma comprising said first, andClsdldsecond gas to etch smooth high aspect ratio
sidewalls. 10 2. The method of Claim 1 wherein said IlI-V based compound comprises indium. 3. The
method of Claim 1 whér&iftseddysichiagmbliy GerrsrseampAsidgansétiie ion etching system. 15 4. The
method of Claim 1 wherein said gas plasma is%%gnerated using a combined reactive ion etching and

inductively coupled plasmS&/&e mmEskospitiNoY brsedsnradWitrein a first radio frequency generator is

operated in the 20 range fiom abouy 10,200 ualts and & segond adin fRguenay.geRgialgr s operated
in the range from about 5 80t wallts.

5  pressure between about 2 mTorr to about 20 mTorr;
introducing a first gas chosen from HBr, HI, and IBr into said reactor;
introducing second gas of BCls into said reactor; and
exposing said III-V based compound to a gas plasma comprising said first, and

said second gas to etch smooth high aspect ratio sidewalls.

10
2. The method of Claim 1 wherein said III-V based compound comprises indium.
3. The method of Claim 1 wherein said gas plasma is generated using a reactive ion
etching system.

15

4. The method of Claim 1 wherein said gas plasma is generated using a combined

reactive ion etching and inductively coupled plasma system.

5. The method of Claim 4 wherein a first radio frequency generator is operated in the
20  range from about O to 200 watts and a second radio frequency generator is operated in

the range from about 50-800 watts.

6. The method of Claim 1 wherein the concentration of said first gas is in the range

from about 10 percent to about 75 percent by volume.



6. The method of Claim 1 wherein the concentration of said first gas is in the range from about 10 percent
to about 75 percent by volume. 7 7. The method of Claim 1 wherein the concentration of said second gas
is in the range from about 5 percent to about 75 percent by volume. 8. The method of Claim 1 further
comprising introducing CH4 and H2 into said 5 reactor. 9. The method of Claim 8 wherein the ratio of said
CHA4 to said H2 is irVthdramgehipd 5100 td WOBON 10l ritewratiethot] ofCletnmd geheaseim Gaid -V
based compound is heated to an initial temperature of about 60 C. 11. A method for etching a Ill-V based
compound comprisifiggedreatithy magkeshieahl Ay Berser ByNfdouad; 15 placing said Ill-V based
compound and said mask into a reactor having a pressure between about 2 mTorr to about 20 mTorr;
introducing a first gas chosen from HBr, Hl, and IBr into said reactor; introducing second gas of BC13

into said reactor; ml;godu&nqﬂa hhlrdog'i;ac':,] %‘n C eq a 0fourtsh alsfl tof F%xg%lﬁg saldslaq -V based
compound to a gas plasma comprising said i second”i’h and’sa gas to &téh smooth high

aspect ratio sidgwalls, ., .

9.  The method of Claim 8 wherein the ratio of said CHy to said H; is in the range

from 5:100 to 70:30.

10 10. The method of Claim 1 wherein said III-V based compound is heated to an initial

temperature of about 60 °C.

11. A method for etching a III-V based compound comprising:
creating a mask on said III-V based compound;
15 placing said III-V based compound and said mask into a reactor having a
pressure between about 2 mTorr to about 20 mTorr;
introducing a first gas chosen from HBr, HI, and IBr into said reactor;
introducing second gas of BCls into said reactor;
introducing a third gas of CHy;
20 a fourth gas of Hy; and
exposing said III-V based compound to a gas plasma comprising said first,

second third and said fourth gas to etch smooth high aspect ratio sidewalls.

12. The method of Claim 11 wherein said III-V based compound comprises indium.



12. The method of Claim 11 wherein said Ill-V based compound comprises indium. 8 13. The method of
Claim 11 wherein said gas plasma is generated using a reactive ion etching system. 14. The method of
Claim 11 wherein said gas plasma is generated using a combined 5 reactive ion etching and inductively
coupled plasma system. 15. The method of Claim 14 wherein a first radio frequency generator is operated
in the range from abbut TheonR0Wwatt€am bl sebonth sadeiscrjaencys generxdtdrigngperattiddn the range
from about 50-800 watts. 10 16. The method of Claim 11 wherein the concentration of said first gas is in
the range from abolRM@PBEIEERt e about 75 percent by volume. 17. The method of Claim 1 wherein the
concentration of said second gas is in the 15 range from about 5 percent to about 75 percent by volume.
18. The method of Claim 8 wherein the ratio of said third gas to said fourth gas is in the range from 5:100
t0 70:30. 919. Am troq,for et?l'ﬁ‘?ﬂf)a II V PFS d com und Eompnsm cr%at ting a masbk on said IlI-V

ereln asma erate g d CO.mn
based compound; placing said sed' compound an Mask Mo a reatto havmg & pressure

between abomg m-ll_% tl‘i% ?ol?qoé!&%Qg’QJcP Mductwely coupled plasma system.

15. The method of Claim 14 wherein a first radio frequency generator is operated in
the range from about 0 to 200 watts and a second radio frequency generator is
operated in the range from about 50-800 watts.

10
16. The method of Claim 11 wherein the concentration of said first gas is in the range

from about 10 percent to about 75 percent by volume.

17. The method of Claim 1 wherein the concentration of said second gas is in the

15 range from about 5 percent to about 75 percent by volume.

18. The method of Claim 8 wherein the ratio of said third gas to said fourth gas is in

the range from 5:100 to 70:30.



introducing a first gas chosen from group VIl gaseous species into said reactor; introducing second gas
of BC13 into said reactor; and exposing said Ill-V based compound to a gas plasma comprising said first,
and 10 said second gas to etch smooth high aspect ratio sidewalls. 20. A method for etching a llI-V
based compound comprising: creating a mask on said Ill-V based compound; placing said Ill-V based
compound and said mask into a reactor having a 15 pressure between about 2 mTorr to about 20 mTorr;
introducing a first gas of BC13 into said reactor; introducing a second gas of CH4; a third gas of H2; and
exposing said Ill-V H8sed\coeHisdptictehingad [N dme Eernmosibceai fisg: 20 second third and said
fourth gas to etch smooth high aspect ratio sidewalls. 21. The method of Claim 20 wherein the ratio of

said second gas to said tHiFERHa% 1daplb O 52id BEY ased compound;

placing said III-V based compound and said mask into a reactor having a
5  pressure between about 2 mTorr to about 20 mTorr;
introducing a first gas chosen from group VII gaseous species into said
reactor;
introducing second gas of BCls into said reactor; and
exposing said III-V based compound to a gas plasma comprising said first, and

10 said second gas to etch smooth high aspect ratio sidewalls.

20. A method for etching a III-V based compound comprising:
creating a mask on said III-V based compound;
placing said III-V based compound and said mask into a reactor having a
15  pressure between about 2 mTorr to about 20 mTorr;
introducing a first gas of BCl; into said reactor;
introducing a second gas of CHy;
a third gas of Hy; and
exposing said III-V based compound to a gas plasma comprising said first,

20  second third and said fourth gas to etch smooth high aspect ratio sidewalls.

21.  The method of Claim 20 wherein the ratio of said second gas to said third gas is

about 2:1.
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