Electrical properties of nanometer-scale Sip*-n junctions fabricated
by low energy Ga* focused ion beam implantation
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Diodes have been fabricated by on-axis Ga ™ focused ion beam (FIB) implantation at 4-25 keV
into #-Si (100) wafers doped to 2 X 10'*/cm?, Post-implantation anneal was performed at 600 °C
for 30 s to electrically activate the Ga and to regrow the implanted layer. SIMS measurements
performed to obtain the Ga concentration depth profile indicate good agreement with TRIM
simulation even at low energies. At 4 keV an electrical junction depth of 15 nm is obtained from
spreading resistance profiling (SRP). The junction depth was found to vary linearly with energy
over the range explored. The electrical properties of the diodes were obtained from I-V
characteristics. The leakage current density of the 5 keV diode was measured to be 1 and 20
nA/cm? at a reverse bias of 1 and 5 V, respectively. The corresponding leakage current density
values for the 10 and 15 keV diodes were between 25% and 50% lower than those reported for 5
keV. The reverse bias breakdown voltage was between 105 and 110 V for all diodes. The
combination of nanometer-scale junction depth, low leakage current density, and high
breakdown voltage indicate that low energy Ga FIB implantation is a promising technology for

ultrashallow p * -n junction fabrication.

I. INTRODUCTION

Future CMOS technology will require p * - junctions with
depths considerably less than 0.1 um.! To achieve this goal
various diffusion- and implantation-based techniques are be-
ing pursued.”? Among the attractive implantation-based ap-
proaches is the use of heavy mass column II ions which
have shallow penetration depths. Conventional (i.e., broad
beam) implantation of Ga* has been reported’ to result in
sub-100 nm p-n junctions. Ga is an effective amorphizing
species resulting in only minor channeling under most im-
plantation conditions. The amorphized Si layer can be re-
crystallized by rapid thermal annealing at low temperatures
and thus minimizing diffusion effects. Since Ga has a low
equilibrium solid solubility in Si and high diffusivity through
Si0, it should be utilized only in those elements of the inte-
grated circuit where junction depth is paramount. To pro-
vide this flexibility, the use of focused ion beam implanta-
tion* with its maskless, resistless process is advantageous.
FIB Ga™ implantation, at energies ranging primarily from
50 to 75 keV, has been shown® to produce 200-220 nm shal-
low junctions with low (24 nA/cm?) leakage current. Re-
cently, the use of low energy (5-15keV) Ga* FIB implan-
tation has been reported® to yield junction depths as shallow
as 20 nm. While this previous paper® discussed the FIB im-
plantation process and the materials (structure, composi-
tion) properties, in this paper we report on some of the elec-
trical properties of these nanometer-scale p* -n junctions.

{l. EXPERIMENTAL CONDITIONS

Si wafers with (100) orientation and background doping
(phosphorus) concentration of (1-2) X 10'* cm ~* were em-
ployed for the fabrication of samples for both materials anal-
ysis and electrical measurements.® Sample fabrication for
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electrical characterization used a two mask process in con-
junction with Al liftoff for the contacts. The Al was sintered
after liftoff at 300 °C for 9 min to improve the electrical con-
tact, while avoiding Al spiking.

The Ga* ion implantation was performed perpendicular
to the substrates using a MicroBeam, Inc. NanoFab 150 sys-
tem. The operation of the NanoFab 150 for the purpose of
shallow junction fabrication was previously described.®
While in general much higher beam current density is avail-
able in FIB implantation, as opposed tc the BB case, for the
low energy FIB implants the current density was similar to
that of conventional implanter, 25-50 mA/cm?”. This has the
advantage of eliminating FIB dose rate effects possibly pres-
ent at the higher FIB current density.

The experiments were carried out with a Ga liquid metal
ion source containing the natural distribution of isotopes
and ionized species.® Single serpentine scan was used to pro-
vide a dose of 1X 10" cm~2 After FIB implantation, all
wafers were heat treated by rapid thermal annealing at
600 °C for 30 sin N, to obtain the solid state regrowth of the
material and to anneal the damage caused by ion implanta-
tion.

Companion samples were prepared under similar process-
ing and implantation conditions for materials analysis. Sec-
ondary ion mass spectroscopy (SIMS) and spreading resis-
tance profiling (SRP) were performed to obtain the atomic
gallium and carrier concentration depth profiles and junc-
tion depths resulting from the annealing condition. Cross-
sectional TEM was performed to obtain information about
the damage due to implantation in the Si substrate before
and after RTA annealing. In the case of the diodes, I-V and
C-¥ characteristics were measured using a HP 4140B pA
meter and a HP 4820 C-V meter. All electrical measure-
ments were performed at room temperature.
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fil. EXPERIMENTAL RESULTS

En this paper, we concentrate on the electrical properties
of the FIB implanted nanojunctions. The electrical charac-
terization methods used are /- ¥ and C- ¥ measurements. Sec-
ondary ion mass spectroscopy {SIMS), spreading resistance
profiling (SRP) and cross-sectional TEM (x-TEM) were
performed as a part of materials characterization and a de-
tailed explanation of these results have been published else-
where.®

Figure 1 shows the profiles of atomic Ga and resulting
hole concentration versus depth for the 5-keV Ga FIB im-
plantinto 8i (100}. The profile in the upper half of the figure
was measured using SIMS with a 1 ¥V Cs ' beam at a 60°
impact angle, to minimize the effects due to ion beam mixing
that can result in a erroneous depth profile. Superimposed
on this experimental profile is a simulated TRIM™ profile for
5-keV Ga implantation into Si assuming an amorphous tar-
get. The experimentally obtained profile is about 2 nm shal-
lower than the profile predicted by TriM. This could be due
to the fact that the initial sputter rate during SIMS measure-
ment is much faster than the steady state sputter rate. A
minor exponential “tail” was observed in the case of the ex-
perimental profile indicating that some channeling occurred
during implantation into crystalline Si. The lower half of
Fig. 1 is a corresponding SRP profile of the 5-keV Ga FIB
implant into 8i (100) indicating the location of the electrical

tA tEOR
10! ¢ é i ; ; ‘ : r
3 FIB Ga* ---> Si (100} on-axis
SkeV; 1E15cm 2
= As-Implanted i
B
=
o Ga cone (TRIM)
l; o Gz conc (SIMS)
~ k-
&
£
g
= 5
3
2
2
5]
&
4] ° 3
o o
© co ome
19 -4 - 8
3 11¢
- 3
r
9
R
L 10'7 g
. 2
L] 8 Eleciron cone | ] 2
& Hele ¢one . 8
g
!l [
i J10¢
3 £
J a
xJ 4 o
¢ uuuugguuuaunnuguaﬂnucnﬂé
e e? : ' " s i 0‘ s
¢ b1 40 66 80 1606 120 149
Depth (nm)

FiG. 1. Atomic Ga and carrier concentration vs depth for 5 kV implanta-
tion.
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F1G. 2. Junction depth vs Ga ' implantation energy.

SkeV Gz

CURRENT (R}

CURRENT (A)

CURRENT (/)

-6 -4 -2
YOLTRGE (V3

F1G. 3. I-V characteristics for Ga-implanied diodes: (2) 5, (b) 10, (¢) 15
kV.
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F1G. 4. I-V characteristics of Ga-implanted diodes indicating breakdown
voltage.

junction to be approximately 20 nm below the surface of the
substrate. This result is in good agreement with our x-TEM
result® which shows that the location of the end-of-the-
range damage, #;;0x , to be around 20 nm from the substrate
surface. It should also be noted that the value of the carrier
concentration obtained from SRP would be significantly
higher if the mobility of Ga-implanted Si were to be taken
into account.®

SRP measurements were also performed on samples with
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TABLE I. Summary of electrical characteristics of Ga* FIB-implanted
diodes. Area = 540X 540 ym*

E Jp(—=10V) Jp(—=35V) Je (—1V) n 1 2%

(keV) nA/cm? nA/cm? nA/cm?® (V)
5 31.62 20.4 0.9 1.059 =115
10 17.8 15.5 0.7 1.026 ~108
15 17.7 16.3 0.6 1.026 =104

different implantation energies, ranging from 4 to 25 keV.
Figure 2 shows the dependence of the location of the junc-
tion depth as a function of the implanted Ga energy. Al-
though SRP measures a wide range of resistivity, there are
unfortunately a number of factors that limit this technique’s
usefulness, especially while profiling such shallow junctions
as reported in this study. Some of the more serious limita-
tions of this technique include carrier spilling, effective mo-
bility, shallow angle bevels which affect the carrier distribu-
tion and can cause a distortion of the implant profiles, and
crystalline imperfections which can lead to noise problems
due to small sampling volume. The linearity of Fig. 2 does
ascertain the fact the values for junction depth obtained in
our case are probably fairly accurate.

To evaluate the electrical quality of the p* -n diodes, I-V
characteristics of junctions with an area of 540< 540 ym?
FIB Ga™* implanted at 5, 10, and 15 keV with a dose of
1 10'*/cm?, were measured under both forward and re-
verse bias. The results of these measurements are shown in
Fig. 3. For these diodes a current density (J,) of 15-20
nA/cm® was measured at 5 V reverse bias and an ideality
factor (n), of 1.02-1.06 (measured from 10~ 2to 10— ° A)
was obtained in forward bias.

In general, the Ga-implanted diodes have excellent break-
down voltages ranging from 100-110 V. As shown in Fig. 4,
no significant difference in the breakdown voltage is ob-
served between the diodes fabricated with different implan-
tation energies. A summary of J, values at — 10, — 5, and
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Fi1G. 5. C-V characteristics for 10 kV
Ga-implanted diode.
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— 1 V along with the ideality factor and the breakdown
voltage are shown in Table I for each implantation energy.
The abrupt nature of the Ga-implanted shallow junctions
as seen via the SRP profile in Fig. 1 can be further confirmed
by C-¥ measurement. Figure 5 shows the 1/C? versus vol-
tage behavior measured by biasing the 10 keV Ga-implanted
diode from — 5V (reverse bias) to 1 V (forward bias). A
nearly straight line is observed indicating that the junction is
fairly abrupt.

V. CONCLUSIONS

Low energy Ga was imiplanted into crystalline Si with the
intent of fabricating nanoscale, damage-free, device-grade
diodes. Ga implanted diodes with junction depth as shallow
as 15 nm have been obtained by low thermal budget post-
implantation processing. Our investigations indicate that
this Ga-based, low-temperature process can produce the
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neccessary p * -n diode characteristics required for submi-
crometer PMOS/CMOS technology.

The authors would like to acknowiedge the assistance of
D. Irvin in the implantation of the samples and of G. DeBra-
bander and J. T. Boyd for assistance with the /-¥ and C-¥
measurements.

'M. Wordeman, A. Schweighart, R. Dennard, G. Sai-Halasz, and W. Mol-
zen, IEREE Trans. Electron Devices EI-22, 2214 (1985).

*N. Hong, G. A. Ruggles, J. J. Paulos, J. J. Wortman, and M. C. Cziurk,
Appl. Phys. Lett. 53, 1741 (1988); L. Rubin, D. Hoffman, D. Ma, and N.
Herbots, IEEE Trans. Electron. Devices 37, 183 {1990).

3C.-M. Lin, A. 1. Steckl, and T. P. Chow, Appl. Phys. Lett. 52, 2049
(1988).

*J. Melngailis, J. Vac. Sci. Technol. B 5, 469 (1987).

SA. J. Steckl, C. M. Lin, D. Patrizio, A. K. Rai, and P. P. Pronko, MRS
Symp. Proc. 147, 161 {1989).

SA. I Steck!, H. C. Mogul, and S. Mogren, J. Vac. Sci. Technol. B 138,
1937, (1990).

3. Ziegler, J. Biersack, and U. Littmark, Stopping and Range of Ions in
Muatier (Pergamon, New York, 1988), Vol. L.



