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We have developed procedures for the fabrication of Er—Ni and Pr—Pt liquid alloy ion sources

(LAIS). EP"beam with target current of 100 pA and P¥" beams with target current 6200 pA

were obtained, which correspond to 50% and 80% of the total target current, respectively. Both
Er—Ni and Pr—Pt alloys oxidize quickly once exposed to air. Er—Ni source lifetimes were generally

larger than 20Q:A h. The source lifetimes of Pr—Pt LAISs were approximately20h, limited by

oxide contamination and wettability problems. Visible photoluminescence has been observed from
Er- or Pr-doped GaN, AD;, and ZBLAN glass using focused ion beam direct write implantation.
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[. INTRODUCTION tation), which has to satisfy various requirements for differ-

Rare earth ions have been widely doped into insulatorsem components fabricated on the same substfate.
y dop The success of FIB technology is due to the invention of

zgﬂ]masnTé:?g?}eaanﬁcgﬁfssgfnnggmiﬂgsr;?é La:r?rr]sar;drb(_)p:ﬁfquid metal ion source$LMIS).*® A LMIS can be made in
uhicatl pplicationst g ’ u n?edle or capillary form. The liquid metal is drawn into a

and praseodymium have drawn the most interest because ?aylor cone where ion emission is form&HA modern EIB

b L
the. EF" emission at 1.54m and Pt emission f”‘t L.3um, . system with a LMIS can produce a focused beam with a
which correspond to wavelengths for minima in absorption . .

. ; - i . - . . target current of 50—100 pA and a scanning resolution of
and dispersion of silica optical fibers. If sufficient light emis-

. . . 20-50 nm'® Almost any metallic element can be made into
sion can be obtained from rare-earth-doped semlconductorﬁ1e form of LMIS or liquid alloy ion sourcef_AIS). In the

monolithic optoelectronic devices will be realized and this .
) S . _latter case, binary or even ternary alloy may be used. The
will greatly simplify and reduce the cost of modern optical . 7
™ . liquid metal or liquid alloy should have low vapor pressure
communication systems. A major research effort has been

devoted to the incorporation of Er in &% However and good wettability with the substrét®Er has a high melt-
progress in Er-doped Si has been limited due to the’ |OV\i/ng point (1529 °Q and a high vapor pressure at its melting

equilibrium solubility of Er in Si( ~ 10! atoms/crA) and the ~ POINt (=1 Tor. Pr also has a high melting poit@31.°0,
. but with a lower vapor pressure at its melting poinrt§
thermal quenching effeét.

— 7 21 . .
The thermal quenching effect could be reduced in Wide>< 10" Torn).™ These properties make them unsuitable for

band gap semiconductéWBGS) materials> Recently vis- elemental LMIS. Insteadz t'hey mUSt be made in Fhe. form of
an alloy source by combining with another material in order

ible and/or infrared emission has been obtained from a vari:

ety of erbium doped WBGS materials, such as Swaas! 20 e EE ROROR T TR U T R RO
InP8 and GaN? Among them, GaN has drawn the most at- 9p ry afioy

tention. In addition to the commonly observed infrared emis—the atomic percentage ratios shown in the parenthesis are

sion, visible photoluminescencdL), electroluminescence E:ggggé(élz)) ae:tsgg?czg’ P87):P(13) at 718°C, and

(EL), or cathodoluminescenc¢€L) have been obtained from ’ '

Pri0ilEy1? py 8 Er¥-1Sand Tnt® doped GaN. Rare earth

elements were added during growth or by ion implantation.

Waveguides, lasers, and light-emitting diode&Ds) have II. LAIS FABRICATION

been fabricated using traditional lithography techniques. An

alternative method of fabricating the optoelectronic devices The alloys are made by mixing erbiuf8N), nickel (3N),

and future optoelectronic integrated circli@EIC) is using  praseodymiung3N), platinum(3N), and silver(3N) powders

focused ion beantFIB) implantation and/or micromilling. at the appropriate ratios. The mixed powder is then put in a

FIB technology is now well established and has found wide-molybdenum crucible in a separate vacuum system. The ion

spread application in the semiconductor industry, wheresource is made by using a 2%0n diameter tungsten wire.

FIBs are used for failure analysis, transmission electron miThe wire is twisted around a 0.125 in. outer diameteyQAl

croscopy specimen preparation, circuit, and mask modificatube in order to be fitted into the ion gun module of a Nano-

tion. FIB micro and nanofabrication can be utilized to reduceFab 150 FIB system. The tip is mechanically polished and

the complexity required in conventional OEIC fabrication then electrochemically etched in a NaOH solution until the

technology(in particular, lithography, etching, and implan- end radius is approximately 1@m. After the alloy reaches
its molten state, the tip is dipped into the crucible for two

¥Electronic mail: a.steckl@uc.edu minutes. The source is then tesiadsitu by applying appro-

2791 J. Vac. Sci. Technol. B 17 (6), Nov/Dec 1999 0734-211X/99/17 (6)/2791/4/$15.00 ©1999 American Vacuum Society 2791



2792 Chao et al.: Rare earth focused ion beam implantation 2792

120 [T 250 11—
i Er?* T : -+
100 ] r P2 1
i ] 200 [ y
geor ] L I ]
g i _ g150_— :
@ | | ‘55100_ _
(=]
& 40 b g [ 2 ]
. r S8\ 1 [ ot PrPt
20:_ seje+ _ 50:_ _
F 6o+ ONi*
o .‘..I....I....I.||‘I||||I|.||I||||I||||—
20 30 40 50 60 70 80 90 100 0 50 100 150 200 250
m/q m/q

Fic. 1. Mass spectrum of the target current of an Er—Ni LAIS. The alloy is Fic. 2. Mass spectrum of the target current of a Pr—Pt LAIS. The alloy is
formed by mixing Er and Ni powders at an atomic percent ratio of 69:31.formed by mixing Pr and Pt powders at an atomic percent ratio of 87:13.
The eutectic alloy has a melting point of 765 °C. The total target current isThe eutectic alloy has a melting point of 718 °C. The total target current is
190 pA. The source heater current is 6.5 A. 250 pA. The source heater current is 5.5 A.

priate voltage and heating current to the source. A detaile886 °C. Figure 4 shows the mass spectrum of a Pr—Ag LAIS.

description of the fabrication process can be found in RefThe total emission current is 1A and the source heater

23. current is 4.5 A. For this alloy, BF still represents the single
largest component of the bedt¥0 pA), producing approxi-

lll. RESULTS mately 70% of the total target current which is 200 pA. The

Figure 1 shows the mass spectrum of the target curreriource lifetimes of Pr—Ag LAISs were generally less than 10
from an Er—Ni LAIS. The total ion emission current is 15 #AN. Extreme care must be practiced to keep the tempera-
uA and the source heating current is 6.5 A. Figure 1 ingi-ture of'the P.r.—Ag a!loy jus_t above its me'Iting point but still
cates that doubly charged erbium ions {Brrepresent the below its bo'|I|ng pomt. Thls Iead§ to a high vapor pressure
single largest component of the bea®5 pA), producing problem_ WhICh hlnde_rs its _prgcncal use. The Pr—Ag LAIS
approximately 50% of the total target current which was 19d1@s @ similar alloy discontinuity problem. Both Pr-Pt and
PA. The source oxidizes quickly once exposed to air. This”I—A9 alloy oxidize quickly once exposed to air.
must be minimized to maintain source lifetime and stability.

The average lifetime of Er—Ni LAIS is generally larger than IV. FIB IMPLANTATION OF Pr AND Er

200 pAh. In Fig. 1, one can also find that the ion beam The implantation was performed in the same FIB
components associated with the two main nickel isotopesystem. P¥" and Ef* beams were accelerated to high en-
Ni°® and NF° can be distinguished. Their respective ion cur-ergy and implantation was carried out at room temperature
rents azrg present in the same ratio as their natural abundanea GaN, ALO;, or ZBLAN. The ZBLAN glass sample has a
(~2.5.

The mass spectrum of the target current of a Pr—Pt LAIS
is shown in Fig. 2. The total ion emission current is A&
and the source heating current is 5.5 A>'RPepresents the
single largest component of the bed@00 pA), producing
approximately 80% of the total target current which is 250
pA. The average Pr—Pt LAIS lifetime when testaditu was
larger than 6QuA h. After the Pr—Pt sources were transferred
to the FIB system, the lifetime averaged onhB80 uAh.
Figure 3 shows a scanning electron microsc¢®gEM) mi-
crograph of the shank of a Pr—Pt LAIS after its emission
guenches. One can notice the discontinuity of the alloy be-
tween the reservoir and the tip, which leads to a reduced
source lifetime. Elemental Pr LMISs were also fabricated,
but we were not able to extract an ion current. This may be
d“? tO_ th.e _source heating capability Of. our current SyStenllle. 3. SEM micrograph of the shank of a Pr—Pt LAIS after ion emission
which is limited to 10 A. Another attractive Pr alloy source g enches. The arrow points to the discontinuity of the alloy between reser-
candidate is Pr—Ag which has a much lower melting point ofvoir and tip.
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Fic. 6. Green upconversion luminescence from an Er FIB-implanted GaN
0 50 100 150 200 250 film grown by MBE on sapphire. The implanted pattern is <51 um
square. The implantation energy and dose were 200 keV and 1.4
X 10 atoms/crd, respectively. The sample was pumped with lasers at 840
Fic. 4. Mass spectrum of the target current of a Pr—Ag LAIS. The alloy ishM and 1.0um. After FIB implantation, the sample was annealed at
formed by mixing Pr and Ag powders at an atomic percent ratio of 78:22.1100 °C fa' 1 h in oxygen(Ref. 29.

The eutectic alloy has a melting point of 586 °C. The total target current is

200 pA. The source heater current is 4.5 A.

m/q

nm 24 Figure 6 shows the green upconversion from a GaN:Er
sample. The implanted pattern is a pinxX51 um square.
The implantation energy and dose were 200 keV and 1.4
X 10'> atoms/cr, respectively. Figure 7 compares the
green upconversion intensity from the GaN samples to that
from the ZBLAN and sapphire. The two main peaks at 525—
528 and 545—550 nm are due to electron transitions from

composition (mol%) of ZrF,(53)-Bak(20)-LaR(4)-
NaF(20)—AlR(3). Figure 5 shows a Pr-implanted GaN film
grown on sapphire by molecular beam epitadBE).** The
implanted pattern is a 14dmx141 um square. The implan-
tation energy and dose were 290 keV and >41D'

atoms/cm, respectively. After FIB implantation, the sample ) .
was annealedpat 1058/°C in Ar for 1ph. Figure 5 showsF;ha he*Hy,,and Sy, 41 levels of the E" ions in the samples.

when the implanted pattern is under ultraviolet excitation; BLAN shows the strongest upconversion intensity, which

(He—Cd laser at 325 nit “glows” with a red color. The is 40 times higher than that from GaN. The green emission

main photoemission occurs at a wavelength of 650 nm, witk];rom sapphire is the weakest, but it can be improved by

a very narrow FWHM~1.2 nm. This emission is due to the postimplantation annealirfg.The relative intensity between

2 4 iecion i ;
3P,—3F, inner shell transition of Bf ions in the GaN the “Hyy/, and the'S, , emission is not the same in all three
film. 1t samples. A possible explanation is related to phonon energy

. s » 26 -
Er implantation was performed on GaN, .8 and in the three materials: ZBLAN~72 meV;> GaN ~91

ZBLAN. After FIB implantation, only the GaN samples
were annealed at 1100 °C for 1 h in oxygen. Under simulta-

neous red840 nm and infrared(1.0 um) laser excitation, ' ' IZH ' ' ' ‘
strong green upconversion was observed at 523 and 546 i 172
20 | ]
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Fic. 5. Red photoluminescence from a Pr FIB-implanted GaN film grownFiG. 7. Upconversion spectra of Er FIB-implanted ZBLANEr dose
on sapphire by MBE. The implanted pattern is a 34hx141 um square. = 5.4x10" atoms/cri, as implanted GaN (Er dose=1.4
The implantation energy and dose are 290 keV ank4@* atoms/cr, X 10" atoms/crd, 1100°C, 1 h, oxygen and ALO; (Er dose=2.2
respectively. The picture was obtained by exciting the FIB-implanted pat-x 10'® atoms/crd, as implantefl The implantation is performed using a
tern with a He—Cd laser at 325 n(Ref. 11). 200 keV Ef* beam on all three samples.
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Fic. 8. 1-.um-wide Er lines on GaN patterned by FIB direct write. The
implantation energy and dose are 200 keV andxilB'® atoms/cr, re-
spectively. The picture is taken under an optical microscope with no exci-
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