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Particle-in-cell and Monte Carlo simulation of the hydrogen plasma
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Hydrogen plasma immersion ion implantation into a 200-mm-diam silicon wafer placed on top of

a cylindrical stage has been numerically simulated by the particle-in-gelC) and
transport-and-mixing-from-ion-irradiatigiramix ) methods. The PIC simulation is conducted based

on the plasma comprising three hydrogen speciés H,, and H in a ratio determined by
secondary ion mass spectrometry. The local sputtering losses and retained doses are calculated by
the Monte Carlo codaamix. The combined effect of the three species results in a maximum
retained dose variation of 11.6% along the radial direction of the wafer, although the implanted dose
variation derived by PIC is higher at 21.5%. Our results suggest that the retained dose variations due
to off-normal incident ions can partially compensate for variations in incident dose dictated by
plasma sheath conditions. The depth profile becomes shallower toward the edge of the wafer. Our
results indicate that it is about 34% shallower at the edge, but within a radius of 6.375 cm, the depth
of the peak only varies by about 5%. For plasma implantation process design, a combination of PIC
andTAMmIX is better than the traditional practice of using PIC alone. 1999 American Institute of
Physics[S0021-897@9)02716-4

I. INTRODUCTION implant a fairly high dose of hydrogen or helium into the
wafer to form a plane along which the wafer can cleave.

Plasma immersion ion implantatigRlll) has created a . . ; . . .
. . np arill) . . After implantation, the wafer is bathed in a hight solution
great deal of interest in semiconductor processing due to its

high dose rate and simple instrumentatiohin PIll, a target and hydrophilically bonded with an oxide-coated substrate at

such as a silicon wafer is immersed in a plasma and a higl?lw te?ﬁe;ature. The kbonded E/)vafer cralgks aloné;o Ehce |m;j
negative potential relative to the chamber wall usually in gplanted hydrogen peak region by annealing at 5 » an

pulsed mode is applied to the sample. Electrons are repelldd® SO! structure is ;‘lnally annealed at 1100 °C for 60 min to
away while ions in the plasma are accelerated across thPlidify the bqndlngl. For partially depleted CMOS devices,
sheath formed around the target and implanted into the suf’® implantation energy is typically high in order to implant
face of the wafer. Under low-pressure conditions the sheatfydrogen deep into the wafer to form thick SOI wafers. On
thickness has to be smaller than the mean free path of tH8€ other hand, for fully depleted CMOS devices requiring
ions for the sheath to be collisionless. In addition, since thdéhinner SOI, conventional beam-line ion implantation can be
entire wafer is implanted simultaneously, the implantationsubstituted by Pl to accomplish a higher throughput and
time is independent of wafer size, and this time advantagéower cost. In order to design the appropriate Pl conditions,
over conventional beam-line ion implantation is greater for dt is customary to perform theoretical simulation to narrow
larger wafer size, such as 300 mm. PlIl has been utilized télown the process window before experiments are conducted.
form shallow junctions>~8 synthesize silicon-on-insulator The simulation formalisms commonly used by plasma scien-
(SOl) structures;” and process flat panel display tists and process engineers are the fluid model or particle-in-
materialst® cell (PIC) model??~?® These two methods, however, only
SOl is the preferred material over bulk silicon substratesmpart information pertaining to the plasma, but fail to take
for high speed, low voltage complementary metal oxideinto account solid state interaction like sputtering or predict
semiconductor(CMOS) integrated circuits® A bond-cut  practical parameters such as retained doses in the silicon wa-
process, commercially referred to as Smart-Cut™ developefer.
by SOITEC, has been successful in producing SOl In order for Plll to compete with conventional beam-line
wafers?’?! One of the critical steps of Smart-Cut™ is to jon implantation as a commercial technique, the thickness
uniformity of the SOI wafers prepared by the Plll/ion-cut
dAuthor to whom correspondence should be addressed; electronic maiPrOCess must be similar to that attained by conventional
paul.chu@cityu.edu.hk beam-line ion implantation. Recently, we have discovered
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that the sample stagehuck design can impact ion unifor- 120
mity significantly, and a plane wafer holder with no quartz @)
covers yields the most uniform ion dose distribution across 100 |
the wafer’®?” We have also identified that ions impact the
wafer at various angles and energies by experiments and us- 80| -40kV
ing PIC simulatiorf® In this work, we combine PIC with the
Monte Carlo coderamix to investigate the relationship be- 60 £ -Skv
tween the incident dose and the retained dose, the latter be-2=
ing more important to process engineers. Hydrogen Plll into © 40t
a plane wafer is numerically simulated by the PIC method @
) 8 20
based on the plasma being composed of three hydrogen ion £ 0.0V
species H, H;, and H in a ratio determined experimen- 4
tally by secondary ion mass spectroscq®MS). The re- T 0
tained doses, depth profiles, and surface recessions along the§ 100
radial distance of the wafer stage are calculatedAmx, a 5 1.0x10°
Monte Carlo ion implantation code developed at the Univer- 2 80 k ——
sity of Wisconsin, MadisoR? Our results show that the 2 m
maximum difference in the retained dose along the radial S ek 2.0x10 2
direction on the silicon wafer is 11.6%, and the implant
depth profile is fairly uniform within the inner circle of ra-
dius 2/3 of the wafer. The combined use of PIC angix
thus presents a closer picture of reality than PIC alone.
Il. Pl SIMULATION PROCESS 00 5 10 15 20 25 30
We use a kinetic model to describe the motion of ions Radial distance (cm)

and the details have been described elsewffdoader low-

pressure hydrogen PIIl conditions, the ions are assumed tdG- 1. () Potential contour lines anth) combined ion density contour
be noncollisional and cold, and they acquire directed motiorines at 15us. Contour intervals are 5 kV and 2.0<10°, respectively.

by the electric field. The electrons are in thermal equilibrium

and the electron density is given by Boltzmann’s relation-
ship: fects employing Eq(2). The equations are expressed in cy-

lindrical coordinates and the plasma quantities are made
Ne=No exr{ﬁ ’ (1) dimensionless by normalizatidA The simulation parameters

kTe are not only based on the dimension of the PlIl instrument in
wheren, is the initial total ion densityk is the Boltzmann's ~ the City University of Hong Kong, but7also on the specific
constantT, is the electron temperature, aads the electron 9€0metry of that particular mstrume’n‘(. The height of the
charge. Poisson’s equation relates the potegiia the elec- cylindrical vacuum chgmber is 100.0 cm aqd radius is 33.75
tron densityn, and total ion density, . The plasma consists cM- The wafer stage is supported by a stainless steel rod of
of three singularly charged hydrogen specie$, M, and

radius 2.25 cm extending from a well recessed below the
Hg, in different proportion. Poisson’s equation is rewritten vacuum chamber. The depth of the well is 22.5 cm and ra-
as:

dius is 11.25 cm. The total length of the rod is 42.5 cm and
the wafer stage is elevated by 20.0 cm from the bottom of the
chamber. The wafer stage platen is 6.75 cm thick and 10.50
cm in radius. We apply 40 kV to the wafer stage, and the
electron temperature is assumed to be 4.0 eV. The total ion
density of the hydrogen plasma isx10° cm™2 which is
typical for the hydrogen Plll/ion-cut process. The ratio
":H, :H3 is 0.05: 0.317: 0.633 as determined experimen-
tally by SIMS yielding H", H,, and H densities of 5.0
F=—qV¢. (3)  x10/, 3.17x10%, and 6.3% 10° cm 3, respectively. It takes

However, they have different masses and their rclccelerr:ltio%‘o'“S for the applied voltage to linearly rise t40 kV and

will be different from each other. Consequently, their densityeaCh implantation pulse stops after 18!

distributions will be different, in turn affecting the total ion

dens!ty and expansion of the sheath. Although noncolllsmnall”_ RESULTS AND DISCUSSION

conditions are satisfied in low pressure PIII, we should not

carry out separate simulation for each species and obtain the The potential and combined ion density contour lines at

resultant dose by adding the individual doses together. In15.0 us are displayed in Fig. 1. The dynamic sheath touches
stead, we have to carry out simulation combining their efthe chamber walls and expands upwards. The ions are drawn

e
V2¢:_e—o[ni(H++ni(H;)+ni(H§)—ne)], 2

wheree is the permittivity in free space. The motions of the
ions are governed by Newton’s equations of mofidiThe
force acting on the three hydrogen species are the sam
since they are singularly charged:
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perpendicularly into the wafer center. There is no significant
8 difference among individual species, since they are subjected
e o e s to the same accelerating field.

mEmm Edge of Wafer The angular distribution information of each box is sub-
sequently input intoramix to calculate the surface profile.
To imitate the realistic conditions, the target is implanted
with 5.929< 10° pulses, so that the total H atom incident
dose from all three species at the location with the highest

fluence is 1. 10'%cm™2 Note that an H ion contributes

three H atoms, although at an implant energy of 13.3 keV
rather than 40 keV, similarly for Hat 20 keV per hydrogen
"
30 40 50

Fluence (10" cm?)
H [-;]

N
L

atom. To compare the combined and separate effect of the
three hydrogen species, we carry out faamix runs: H,
H,, and H individually and one with all three species to-
Angle (degrees from normal) gether.TaMIX can take a maximum of ten combinations of
energy angle. We have to throw out the lowest fluence com-
FIG. 2. Angular distribution from normal of the accumulated implanted ion phinations when there are more than ten. For instance, for
doselluence gven 1 berof sortor a1 ree pecies e cenle ofouside positons, there are typically five angles for each spe-
at the wafer edgéradius between 9.75 and 10.0 tm cies, so there are>35= 15 total energy-angle combinations
for the combined run, and five of these must be discarded.
We do not believe that this makes much difference in the
results, since the ones thrown out typically contribute only a
away from the chamber wall starting from the plane paralleffew percent of the peak fluence.
to the wafer stage. We divide the wafer into 14 equal boxes  The fluences and retained doghgdrogen atomsalong
of 0.75 cm in width from the center to the edge. The fluencehe radial distance of the four different runs are shown in Fig.
and impact energy distribution against the impact angle oB. The fluence stemming from His 50 times less than the
each box are recorded for a single pulse. We observe th#etal fluence, since the plasma contains predominangly H
ions impact normally around the center area but the impacand H; ions. It is thus obvious that the influence of thg H
angle is more oblique at the edge. The angular distributiongon will dominate the hydrogen atom distribution profile
from normal of the accumulated implanted ion doses andince the plasma contains 63.3% of kbns and it counts as
impact energy at the center, midway, and edge of the wafethree hydrogen atoms. The ratio of the retained to incident
are depicted in Fig. 2. It shows that the three hydrogen spedoses for the three hydrogen species is different. It is ob-
cies are implanted at an angle between 40° and 50° frorserved that it is highest for Has depicted in Fig. (& and
normal near the wafer edge, while most ions are implantednly about half of the incident His retained as shown in

0 10 20

0.3

e fluence (b) H*
retained dose

mmm fluence

02f retained dose

o1 Hi

< | | o

g 01} i al g

~ E g § ! ~ FIG. 3. Fluence and retained dosg/-

e gg 3 - T 00 2 drogen atomjsalong the radial distance
@ roined dose OIS e @combine §'20%"of @ H', (B) H;, (0 3, and(d) the

@ 70f 3 retained dose 2 three species together. The retained
[a) [ doses are calculated bymix .
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6 TABLE |. Surface recession and average projected range along the radial
distance of the wafer. The data are calculated by a combined run of the three
species byramix .
—~ 5
q‘E Radial distancécm) Surface recessiofh) Average projected rangd)
‘.:o 4 - 0.375 8.70 1935
e 1.125 8.5 1917
;’ 1.875 8.1 1931
g 34 2.625 7.2 1930
o 3.375 6.7 1915
'8 4.125 7.6 1905
£ 27 4.875 8.0 1901
8 5.625 9.2 1875
& . 6.375 9.6 1837
7.125 12.67 1813
7.875 13.9 1738
0 : : : : 8.625 12.6 1691
9.375 16.1 1585
0 2 4 6 8 10 10.125 22.6 1444

Incident Dose (10" cm™)

FIG. 4. Retained dose as a function of incident dose for the combined
simulation(dashed lingand simulation with identical atomic fluences and edge. The peak becomes shallower toward the wafer edge.
incident ion angle distributions, but consisting only of kbns (solid line). The small peak above 400 nm results frori.H

IV. CONCLUSION
Fig. 3(c). This is, however, a consequence of the high inci-

dent dose of K, not due to its higher mass. In addition, the 1 sjlicon wafer placed in a plasma consisting of three hy-
lower |mplgntatlon energy of each. H m}HresuIts in a drogen species, H H;, and H, is simulated by the PIC
smaller projected range and sputtering loss is more substaymerical method. Poisson’s equation is modified to take
tial. Figure 4 exhibits the retained dose as a function of thgni, account the different proportion of the three hydrogen
incident dose for the combined run of all three ion species a{yqcies. The PIC-simulated fluences is subsequently input
the location receiving the highest total incident dose. Then, ravix to calculate the radially dependent retained dose.
curve is seen to roll off at high incident dose. For compari-£qr ryns are conducted: each species individually and one
son, we have also simulated the retained dose curve for i, 4l three species together. It is found that the ratio of the
same total dose and angular distribution, but for a procesgyained to incident doses is highest fof Hand the ratios for
made up of entirely Fi ions, that is, 40 keV per hydrogen Hy and H; ions are much lower. This is due to the high
atom. The difference between the two curves is not signifiy) ence of H instead of the mass difference. The combined
cant. The region close to the edge of the wafer retains @ysoct of a1l three species gives rise to a maximum difference

lower percentage of hydrogen, as in these areas, the i0Rg e retained dose of 11.6% along the radial direction, al-
impact at a more oblique angle, but this is somewhat com-

pensated by the higher incident dose near the edge of the
wafer. The overall effect is shown in Fig(cB. 70
The maximum incident dose (2QL0*cm™?) located at
8.625 cm from the center is 21.5% higher than the minimum
incident dose (8.28 10'”cm?) located at the wafer center.
The retained doses at these locations are 618’ and
4.57x 10'"cm 2, respectively. The difference is only 11.4%,
and the maximum difference in the retained dose over the
whole wafer is 11.6%. Therefore, the nonuniformity in the
retained dose is much less than that in the incident fluence.
Based on our calculation, the surface recession due to
sputtering does not exceed 2 nm, except at the very edge of
the wafer. The surface recession and average projected range
for the combined run along the radial distance is shown in
Table I. The projected range is deeper at the center of the
wafer (193.5 nm than at the edgél44.4 nm. This differ-
ence is about 34%. However, the projected range is fairly
uniform within the radius of 6.375 cr(l83.7 nm), the dif-
ference being only about 5%. Thewmix simulated depth Depth (nm)
profiles for the combined simulation are shown in Fig. 5 forgg s
the wafer center, 6.375 cm from the center, and the wafewafer.

Hydrogen plasma immersion ion implantation into a 200
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though the maximum difference in the incident fluence is''J. Min, P. K. Chu, Y. C. Cheng, J. Liu, S. S. lyer, and N. W. Cheung, Surf.

21.5%. This suggests that for this planar geometry, differ- Coat. Technol85, 60 (1996.

ences in the implantation depth due to off-normal ion inci-'*P- K- Chu, X. Lu, S. S. K. Iyer, and N. W. Cheung, Solid State Technol.

dence can partially compensate for differences in the incident S°(1997. _ _
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cation of the hydrogen peak exist, but within a radius ofug ¢ lyer, X. Lu, J. B. Liu, J. Min, Z. Fan, P. Chu, C. M. Hu, and N.

6.375 cm, the depth profile is fairly uniform with a variation . cheung, IEEE Trans. Plasma S2§, 1128(1997.

in the average ion implantation depth of only about 5%. The5x. Lu, N. W. Cheung, M. D. Strathman, P. K. Chu, and B. Doyle, Appl.

combined use of PIC that discloses plasma sheath physicsPhys. Lett.71, 1804(1997.

andTAMIX that reveals implantation physics present a bettef®X. Lu, S. S. K. lyer, C. M. Hu, N. W. Cheung, J. Min, Z. N. Fan, and P.

picture of reality than either one alone. K- Chu, Appl. Phys. Lett71, 2767(1997.
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