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The fabrication of shallow p-r junction impurity profiles using Ga and In focused ion beam
(FIB) implantation in conjunction with rapid thermal annealing is reported. A 75-keV focused
ion beam with 80 mA/cm? current density and 0.5-um beam diameter was used to implant Ga™
and In" into (100) Si substrates at doses ranging from 1 10%? to 510" /em?. The annealing
temperature was varied from 600 to 1000 °C for various times, 10-30 s. Secondary ion mass
spectrometry and spreading resistance profiling were used to measure the implanted species
atomic and carrier concentration depth profiles. As compared to the conventional broad beam
implantation, the FIB implanted Ga concentration depth profiles exhibit higher activation
percentage in the end-of-range and tail region. This results in thicker layers and deeper p™-»n
junctions, but with lower sheet resistance and leakage current. A similar phenomenon is also
observed in In FIB-implanted samples. The damage generated by the high dose rate implantation
is possibly responsible for this phenomenon. p* —n diodes fabricated using Ga FIB doping exhibit
very good diode electrical characteristics: ideality factor as low as 1.01, leakage current density
below 1 nA/cm” at — 1V reverse bias, and breakdown voltage of ~ 35 V. Diodes fabrication with
In generally exhibit shallower junctions, but higher leakage current. Bipolar transistors have been
fabricated using FIB-impianted Ga and In thin base layers. Common emitter current gain of 70

and 10 were obtained for Ga and In FIB-implanted bipolar transistors, respectively.

LINTRODUCTION

Focused ion beam (FIB) technology™? brings a number of
advantages to device fabrication, including direct ion dop-
ing,” lateral doping profiling,* and maskless/resistless pro-
cessing.” In this paper, results are presented on the use of Ga
and In FIB technology to produce thin-layer p-»n junctions
for two applications: (a) shallow, heavily doped p™ —n june-
tions for short-channel metal-oxide semiconductor (MOS)
devices; and (b) thin, moderately doped layers for narrow-
base bipelar tramsistors. Ga and In, because of their large
mass, have the advantage of a six to eight times shorter range
than B, as well as a reduced channeling effect. Historically,
Ga and In have not been widely used because of their high
diffusivity in $i0,,° and limited solid solubility in Si. How-
ever, FIB technology can implement the direct doping of
selected regions thus removing the possibility of undesirable
Ga and In diffusion through neighboring Si0, layers, and its
high current density may lead to an enhanced impurity acti-
vation.”® In this experiment, all the implantations [FIB and
broad beam (BB) ] were performed on axis. This condition
migit become necessary for future generations of submicron
devices, since off-axis implantation has recently been report-
ed to result in a shadowing effect which degrades perfor-
mance for both MOS® and bipolar'® transistors.

Since the current density of FIB implantation is usually
10*-10° times higher than that of conventional broad beam
implantation, experimental results for B’ and Ga® FIB im-
plantation have indicated greater damage than conventional
implantation. This affects the annealing behavior of the im-
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planted layers. In the case of GaAs, Bamba ef al.'' have
reported, in a comparison of FIB and BB 51 ion impianta-
tion, that the concentration tail is longer and thus the junc-
tion is deeper for the FIB implantation, with the difference
between two implantation methods being the damage which
is apparently larger for the FIB implantation. Therefore, the
damage created by FIB implantation strongly influences the
implanted impurity profile. However, the mechanism is not
yet understood. Understanding of this mechanism is impera-
tive, especially when FIB is utilized in small-device fabrica-
tion which requires strict control of the impurity profile in
both lateral and vertical dimensions.

H. EXPERIMENTS

The focused ion beam experiments were performed using
a VG Semicon IBL-100 system. This 1s a two-lens system
which can accelerate singly ionized particles to an energy of
100 keV. The FIB column also includes an £ X B mass filter
for use in conjunction with liguid metal alloy sources and a
mass quadrupole for in situ secondary ion mass spectroms-
etry {SIMS) analysis. A schematic of the system is shown
elsewhere.’?

(100)-oriented 3-in. Si wafers with 3-um » epilayers (P,
5% 10%/cm®) on vt substrates were used. First, the align-
ment marks for FIB implant were patterned by electron
beam (e-beam ) lithography and then transferred into the Si
wafer via reactive ion etching. For subsequent material anal-
ysis, after an 8-nm oxide was thermally grown, areas of
500X 500 um? were on-axially implanted with a 75-keV Ga
and In FIB at a target current of 200 pA and beam diameter
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of 0.5 um. The current density, defined as target current
divided by beam area, was 80 mA/cm? in other words, the
dose rate was 5 10" {ons/cm? s. The current density was
kept constant throughout this experiment. The implanted
doses were generaily varied from 1 X 10" to 1 X 10Y/cm?, by
changing the dwell time for the area from 20 to 2000 s, such
that the effective scan rate varied from ~ 10 to 0.1 cm/s.
This is an acceptable means for changing the dose in our
experiments, since the scan rate over this range has been
shown® to have no effect on the FIB Ga activation in Si. For
comparison, BB implantations were performed with the
same energy of 75 keV, but the current density, 0.8 uA/cm?,
was 10° times smaller than for the FIB experiments. Some
wafers were preimplanted with Si (80 keV, 2 X 10" /cm?) to
reduce the channeling effect of the on-axis implantations.

After implantations, samples were rapid thermal anneal-
ing (RTA) annealed in a nitrogen ambient using A.G. Asso-
ciates Heatpulse 410 at temperatures from 600 te 1000 °C for
various times. The temperature ramp-up rate was 100-
120°C/s and the ramp-down rate was 50-6C °C/s. After
RTA, the samples were divided into two groups: one for
SIMS analysis, and another one for spreading resistance pro-
filing (SRP) measurement. From SIMS analysis, the Ga
and In atomic depth distribution profiles were obtained. The
SIMS analysis was performed using a Cameca IMS-3f ion
microscope with a primary beam of 10.5-keV O," and posi-
tive ion spectrometry. The samples which underwent BB
implantation with the dose of 1 10"/cm? were used as a
standard te quantify all the other samples. The carrier con-
centration depth profiles and the sheet resistance were ob-
tained from SRP measurement.

Taking advantage of FIB direct ion doping process, p* —n
shallow junction diodes and bipolar transistors using a four-
tevel process with e-beam lithography can be fabricated on
the same wafer by choosing either high dose for p+—n diodes
or moderate dose for bipolar transisiors. Similar to the wa-
fers prepared for material analysis, alignment marks for FIB
implantation and e-beam lithography were implemented at
the first level, an 8-nm oxide was thermally grown, and then
the wafers were loaded into the FIB system. The implanta-
tion of the device area was computer controlled by a VAX
11/750 system and performed at the same energy and cur-
rent density as the previous implants for material analysis.
Afier FIB implantation, the emitter region of the bipolar
transistors was defined by the second level and implanted
with 30-keV BB Asata dose of 3 X 10'°/cm? which results in
an emitter depth of 0.1 gm. A 200-nm chemically vapor de-
posited (CVD) oxide was deposited for passivation and the
wafer was RTA annealed first at low temperature (600 °C)
for 30 s to induce the solid-phase-epitaxy regrowth and then
at higher temperatures (900-1000 °C) for 10 s to remove the
implantation damage. The third level defines the contact
windows. After oxide etching, Al-1% Si was evaporated for
metallization and patterned with the fourth level. A low-
temperature sintering step at 300 °C for 15 min was unsed to
improve the Ohmic contact while avoiding aluminum spik-
ing. I-V characteristics of the diodes and transistors were
measured using Tektronix 376 curve tracer and HP 4140B
pA meter. ‘
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lil. RESULTS AND DISCUSSIONS

A comparison between FIB and BB Ga implantations
(with and without Si preimplantation) can be made using
the as-implanted SIMS profiles shown in Fig. 1. The beam
energy and dose, 75keV and 1 X 10" /cm?, were the same for
all three implantations. Except for the Si preimplant, the
only difference between these implantations is the dose rate,
which is 5% 10" ions/cm”s for FIB implantations and
5% 10'? ions/cm? s for BB implantations. As expected, all
these SIMS profiles have the same peak concentration,
1.6 X 10" /cm?, at a depth of 46 nm which is very close to the
calculated projected range of 46.5 nm. While the sample
with Si preimplant had only a minor deviation (“tail”) from
a Gaussian profile, tails were seen in the FIB and BB implan-
tation without 8i preimplant. The FIB-implanted impurity
profile exhibits a deeper tail penetration than the BB-im-
planted impurity profile. As shown of Fig. 1(b) for FIB
implants at doses ranging from 1 X 10" to 1 X 10" /cm?, the
long tail is present not only in high-dose implant, but also in
low-dose cases, which utilize different scan rates (i.e., dwell
times), but the same dose rate. Therefore, it appears that
within the range explored the dose rate, rather than the scan
rate, is responsible for the long tail.

The carrier concentration profiles of the FIB and BB Ga
implanted samples annealed at 600 °C for 30 s are plotted in
Fig. 2. The corresponding atomic concentration profiles
from SIMS analysis are also included in Fig. 2 to show the
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Fi6. 1. (a) SIMS profiles of 75-keV Ga FIB and BB (with and without 8i
preimplant) as-implanted samples at the dose of 1< 10"%/cm?® (b) SIMS
profiles of Ga FIB as-implanted samples at the doses of 1x10"/cm?,
1% 10" /em?, and 1< 10" /cm?.
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FiG. 2. (a) SIMS and SRP profiles of 75-keV Ga FIB and BB implanted
samples RTA-annealed at 600 °C for 30 s, at a dose of 1 X 10'%/em?. (b)
SIMS and SRP profiles of Ga FIB-implanted sample before and after
600 °C, 30-s RTA, at a dose of 110" /cm?.

difference between the two implantations in the tail region.
The implanted dose (1X10"/cm?) was higher than the
critical dose for amorphizing the Si crystal, which is
2% 10"/cem? for gallium in Si. Amorphous layers were
therefore formed during implantation, and recrystallized in
the RTA process leading to an activated impurity concentra-
tion higher than the solid solubility at the anneal tempera-
ture. The peak carrier concentrations were nearly the same
for both FIB- and BB-implanted samples. However, a signif-
icantly higher proportion of the implanted tail was activated
for the FIB case versus the BB case. This resulted in a junc-
tion depth of 0.3 pm for the FIB case and 0.13 um for the BB
case. The junction depth is determined from the SRP profile
at the substrate concentration of 5 10'°/cm’. For the low-
dose FIB Ga implantations the junction is also deeper than
that of the corresponding BB implantation. In general, the
activation percentage is clearly higher for the FIB-implant-
ed sample in the end-of-range and tail region. This is presum-
ably due to the larger amount of damage created by the FIB
implant. This issue is currently being investigated further in
experiments where the FIB scan rate effect is also consid-
ered.

In Fig. 2{b}, no movement after anneal is observed from
the SIMS profile of the FIB Ga-implanted sample before and
after 600 °C, 30-s RTA. The carrier concentration in general
was converted from the resistivity measured by the SRP
technigue using the bulk mobility of boron-doped Si crystal.
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However, the annealing was performed at low temperature
(600 °C) for a short time period (30 s), and therefore some
damage probably still remains in the Si resulting in lower
mobilities than the assumed values. Hence, correction was
made using the mobility data from Tsai e @/.*? for furnace
annealing of 200-keV Ga implantation at the same tempera-
ture for 15 min. This leads to a corrected peak carrier con-
centration of ~6X10Y/cm?, which is four to five times
higher than the uncorrected value. The SIMS and SRP pro-
files with high-temperature (1000 °C) RTA were shown in
Fig. 3. Although the gallium atomic concentration profiles
{5IMS) moved dramatically, the junction depth (SRP)
only increased 30 nm. Apparently, the Ga in the tail is not
fully activated even for a 1000 °C anneal.

SIMS profiles of In FIB as-implanted samples for doses
ranging from 5 x 10" to 1X 10"/cm? were obtained. As in
the case of Ga FIB implantation, the projected range, 34 nim,
is very close to the calculated value of 36 nm for 75-keV In,
and the long concentration tails are also observed in these
samples. The SIMS and SRP profile of In FIB-implanted
samples having the dose of 1 X 10'%/cm?® and RTA-annealed
at 900 °C for 10 s are plotted in Fig. 4. Since indium is not a
shallow impurity inn 8i, the carrier concentrations obtained
for the implanted dose are very low {(10'"/cm’®) giving acti-
vation percentages of < 0.1% for both cases.

For the fabrications of the base region of the bipolar tran-
sistors, a moderately Ga- and In-doped region (I-
5% 10" /cm?) is required. To verify the impurity profiles of
such a thin and moderately doped layer, the SIMS and SRP
measurements were performed for the Ga and In FIB-im-
planted samples annealed at 900 °C for 10 s. From the SRP
profile, the junction depths are 0.25 and 0.15 um, and the
average carrier concentration is ~2x 10" and 5% 10"/
cm’, respectively. For an effective emitter junction depth of
0.1 um, the base width would be 0.15 and 0.05 #m, respec-
tively.

The sheet resistances obtained from SRP measurement
are compared for the various temperature regimes for FiB-
and BB-implanted samples. The FIB-implanted sampie at
the dose of 1 % 10" /cm® has the lowest sheet resistance (684

1021 r._,,__ N —_— ———
. far 1X1015/¢m?
— s X “&,& o~
M 1025} xee RTA: 1000°C, 10s
i g @
g B e, o L SINS
x [
Z1gief . L SRP
= 0t %”“Q * tAs—implonted SIMS
cet . s * b“n
‘glolar ‘xexx o °o°
C LI o,
¥
?‘j 17 ® % % 5,
all r % ko, o
G % x
g e % :an
L.Jlals °
-
1015 — :
0 .1 .2 .3 .4 S5 .B

Depth (microns)

F1G. 3. SIMS and SRP profiles of Ga FiB-implanted sample before and after
1000 °C, 10-s RTA, at a dose of 1 X 10" cm?.
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ohm/sq) after annealing at 600 °C for 30 s because the tail
was much more activated than for the BB-implanted sam-
ples. For In FIB-implanted samples, as mentioned previous-
ly, the activation percentage is low, and the sheet resistance
varies from 10 k€2/sq to 100 k{2/sq at doses ranging from
110" to 5 10" /cm?.

Figure 5 shows the IV characteristics of two Ga p*—n
diodes with areas of 120 X 90 um? (diode D5) and 10X 12.5
um® (diode B6), and two In p*—n diodes with areas of
80X 90 um? (diode B1) and 10X 32 gm?* (diode B4), re-
spectively. The diodes were FIB implanted at the dose of
1x 10" /cm?, and two-step annealed at 600 °C for 30 s and
900 °C for 10 s. For Ga-implanted diodes, the reverse-bias
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F1G. 5. I-V characteristics of 75-keV (3a and In FIB-implanted p*—n di-
odes at a dose of 1 X 1¢"°/cm?, and two-step annealed at 600 °C for 30's and
900 °C for 10s.
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leakage current density (J ) at — 1 V and ideality factor
are 0.9 nA/cm and 1.01 for diode D5, 9.6 nA/cm” and 1.06
for diode B6. The breakdown voltage is 35 V for both dicdes.
However, the In p™—n diodes generally exhibit 10-100 times
Jr, larger ideality factor of 1.2 to 1.25, and smaller break-
down voltage of 25 to 30 V. To show the effect of edge leak-
age, the Jy of two sets of Ga p*—r diodes (annealed at differ-
ent  temperatures) are plofted  versus  diode
perimeter-to-area ratio (L /4) in Fig. 6. J is roughly con-
stant for smaller L /4 ratio diodes which means that the bulk
leakage current component dominates. However, for larger
L /A ratio diodes, J; increases linearly with the L /A4 ratio
and hence is dominated by the edge leakage component. The
lowest J, obtained is 0.9 nA/cm 2. It is interesting to point
out that the leakage current of Ga FIB-implanted diodes is
greatly reduced as compared to the equivalent BB case.'

Bipolar transistors were fabricated using FIB-implanted
Ga and In moderately doped thin base layers. From SRP
measurements, the base widths are 150 and 50 nm for the Ga
and In bipolar transistors, respectively. As shown in Figs.
7(a) and 7(b), the common emitter current gain (/3) is 70 at
a Vg of 8 V for a Ga doped base bipolar transistor. How-
ever, [ is only 10 for an In doped base bipolar transisior
because of its higher junction leakage current. The emitter—
collector breakdown voltage is in the range of 151020V for
both transistors.

iV. CONCLUSIONS

In conclusion, shallow junction devices have been fabri-
cated by Ga and In FIB maskless ion implantation with
doses from 1 X 10" to 5 X 10'*/cin” at the same dose rate but
for different scan rates. A longer atomic concentration tail
was observed for FIB vs BB Ga implantation in the as-im-
planted as well as RTA-annealed SIMS profiles. SRP con-
centration profiles indicate that the Ga in the end-of-range
and tail region is more activated for the FIB case under the
anneal conditions studied. This results in a deeper junction
depth but with lower sheet resistance and leakage current.
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F1G. 7. (a} =V curves of FIB Ga-doped basc bipolar transistors. (b) -V
curves of FIB In-doped base bipolar transistors.

This phenomenon was observed for both Ga and In im-
plants.

, pT—n diodes and npn bipolar transistors were fabricated
using Ga and In FIB technology. The -V characteristics of
Ga p"—n diodes show good junction quality with an ideality
factor of 1.01, a reverse-bias leakage current of 1 nA/cm?,
and a high breakdown voltage of 35 V. A good current gain
of 70 was obtained for the Ga-doped base bipolar transistors.
As compared to the Ga p—#n junction, although the junction
is shallower, the In p *—n diodes exhibit a larger ideality fac-
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tor of 1.2, a higher reverse-bias leakage current of 100
nA/cm’, and a smaller breakdown voltage of 30 V. Because
the junction was more leaky than the Ga-doped junction,
only a small current gain of 10 was obtained for the In-doped
base bipolar transistors.
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