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Phosphorus depth profiles in Si obtained by 140 keV implantation in[@0&] axial channel
direction and in a direction 7° off axis are investigated at two different doses1(%® and 5

X 10 cm™?) for implantation temperatures of 350 °C and room temperdRife At low dose and

at channeling incidence, the penetration depth of implanted ions is higher at RT than at 350 °C. This
behavior is caused by the dechanneling of lattice vibrations. At high dose, the temperature
dependence of the shape of the implantation profile is opposite that at low dose, due to enhanced
dechanneling by defect accumulation at RT. On the other hand, damage buildup does not occur at
elevated temperature. The temperature dependence of the profiles obtained by tilted implantation is
much less than for the channeled implants. The P profiles measured can be reproduced very well by
atomistic simulations which take into account both lattice vibrations and defect accumulation during
ion bombardment. €2003 American Institute of Physic§DOI: 10.1063/1.1594281

For many years it has been known that channeling eff001] channeling implantation. The high dose implant was
fects influence the shape of ion range distributions obtaine@erformed using the standard implanter setup for 7° tilted
by implantation into single crystalline silicdn® The orien-  implantations. The implantations were carried out at room
tation of the ion beam relative to the crystal axes determineemperaturgRT) as well as at elevated temperatuf@80
the fraction of incident ions that moves initially within axial and 350°Q. The temperature was controlled by a
or planar channels. However, motion of energetic projectileshermocouple. For the high temperature implants a
in the crystal is not only influenced by the geometrical ar-BORALECTRIC® heater was used. After implantation,
rangement of the lattice sites but also by thermal vibration®RBS/C analysis was performed to obtain information about
of the atoms and the buildup of radiation damage duringas-implanted damage. The phosphorus depth profiles were
implantation. This may lead to both dechanneling and remeasured by secondary ion mass spectromedhvS) at
channeling of the implanted ions. Therefore, at a given imEvans EastEast Windsor, NJusing a Phi quadrupole SIMS
plantation energy the shape of the ion range profiles majnstrument. The P detection limit in Si was<11.0'® cm™2.
depend on the following implantation parameters: implantaThe accuracy of the depth calibration was 5%—10%.
tion temperature, dose, and dose rate. In silicon device The thick lines in Figs. @) and 1b) depict the SIMS
manufacturing these parameters must be accurately comtata for the low dose implants at RT and at 350 °C, respec-
trolled in order to obtain reproducible electrical dopanttively. A comparison of Figs. (B) and Xb) shows that the
profiles! The present work reports on a detailed study on theshape of the phosphorus profiles obtained by channeling im-
competing influence of temperature and dose on the shape pfantation is strongly dependent on the temperature. The pro-
as-implanted depth profiles of phosphorus. The experimentdiles of the tilted implants are nearly independent of the tem-
results are not only interpreted qualitatively, they can also b@erature. At implantation dose of aboux80' cm 2, the
reproduced quantitatively by atomistic computer simulationsaccumulation of radiation defects is small so it should not

Phosphorus ions were implanted intgéype (001) Si  cause much dechanneling of the incident ions. Therefore, the
substrate at 140 keV at doses of about B3 and 5 temperature dependence observed for the channeling implan-
X 10" cm™? at a dose rate of about&10'* cm™?s™*. The  tation profiles is solely attributed to thermal vibrations whose
exact values of the doses implanted are given in Figs. 1 andechanneling effect is considerably stronger at 350FiQ.

2. Implantations in both thg001] axial channel direction and 1(b)] than at RT[Fig. 1(@].

in a direction 7° off axis were performed. The ion beam was  The phosphorus profiles obtained by the high dose im-
aligned in thg/001] direction prior to implantation by a stan- plantation at RT and at elevated temperatut@860 and
dard procedure employed in channellng Rutherford back3s50°Q are depicted in Figs. (8) and 2b), respectively.
scattering spectromet§RBS/C).2 For the nonchanneled low Again, a significant dependence of the shape of the phos-
dose implants, the 7¢ tilt angle with respec{@1] and the  phorus profiles on the temperature is found. However, this
22.5° rotation angle relative {d10] were set using the five- dependence is opposite that observed in Fig. 1 for the low
axis goniometer that was employed for beam alignment fotlose implant. This can be explained as follows. For the RT
implant[Fig. 2(a)], the damage buildup during ion bombard-
“Author to whom correspondence should be addressed; electronic mail€Nt causes strong dechanneling of the incident ions. There-
m.posselt@fz-rossendorf.de fore, the shape of the channeling implantation profile differs
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FIG. 1. P depth profiles obtained by 140 keV implantation {@1) Si at a
dose of about % 10 cm~2, at RT(a) and at 350 °Qb). The exact doses FIG. 2. Phosphorus depth distributions for 140 keV implantation at a dose
are shown. Two orientations of the ion beam were considéipparallel to  of about 5<10' cm™2. Thick lines and histograms depict SIMS data and
the[001] channel direction andli) 7° off this direction. In the second case, the results of computer simulations, respectively. Similar to in Fig. 1, the
the angle between the projection of the beam direction or(@B&) plane results of channeled and tilted implantations at(@Tand at elevated tem-
and the[110] direction was 22.5°. The depth axis is paralle[@®1]. The peraturegb) are shown. At RT, both the channeled and the tilted implantation
profiles depicted by thick lines were measured by SIMS at Evans East, Ead to amorphization. The thickness of the amorphous layer determined by
Windsor, NJ. The histograms show results of atomistic simulations that ddRBS/C is 280 nm. The simulations yielded a thickness of 278 nm.
not (black and do(gray) consider damage buildup during implantation.

v f hat sh in Fio.(®. In th f the tilted S, is the nuclear stopping cross section of the ion in the
greatly from that shown in Fig.(8). In the case of the tilte _ target. The critical nuclear energy deposition per atom for

implant, th.e chr?mneling tgil is not as pronounced as itis MNefect productionE., should be somewhat lower than the
Fig. 1(@) since ion-beam-induced defect accumulation alsodisplacement energy for Frenkel pair generatiig, in a

prevents rechannelmg. RBS/C measurements show that \ﬂrgin silicon crystal, since most atomic displacements occur
both channeling and tilted implantations an amorphous laye!

. in the region of a collision cascade where the target structure
et eV s no langer perfct. n he case of 140 keV phosphors
yer| . profi implantation, the use of the universal nuclear stopping cross
shape, it is the damage buildup below the amorphlzauor%ectionlo and assuming, = 0.25E, (E,=15 eV), leads to a
threshold’ ; ¢ ev-dd ’

The shapes of the phosphorus profiles shown in Figslateral cross sectionry of about 1 nri. Therefore, at a dose

_ ) { f5x 10" cm ?s !, the ti ive i
1(b) and Zb) are rather similar. Obviously, at elevated tem- fate of 510" cm™*s ", the time between consecutive ion

peratures the accumulation of defects which are relevant fo'anaCtS In @ damaged region is of the order of 100 s. To-

. . . : . gether with previous considerations, this means that at 300
dechanneling of the implanted ions is very small, in contras

to RT implantations. Therefore, at 300 and 350 °C, these d and 350 °C the lifetime of defects for dechanneling is smaller

fects formed by previous ion impact should largely have dis-han this period.

: ) . Atomistic computer simulations showed that the as-
appeared before a subsequently implanted ion hits the same : .
. . — .~~~ implanted defect structure consists of a variety of defect
region of the target. The period between consecutive ion im- . 1112 . . . "
ecies!!? Many single vacancies and self-interstitials as

i . S
pacts in a target region where the amount of nuclear ener . .
. . . " ell as a certain percentage of complex defects that contain
deposition(or displacements per ators larger than a criti- )
. . . tens to hundreds of atoms form. The latter may be considered
cal value can be roughly estimated in the following manner,

Assuming that the cascade region of a single ion impact caﬁs the defects mainly responsible for dechanneling of the

A : implanted iong. The simulations demonstrated that such
be modeled by a cylindrical trackthe lateral cross section . . b
) X . complex defects shrink considerably at a few 103*C,
oy of this region can be calculated using

within 1 ns of their formation. This is consistent with the

present experimental results.

(ro:i_ (1) The measured P depth distributions were simulated using
E ) the cCrystai-TRIM program which is described in detall

(]
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elsewheré@:*3-1° This code treats the motion of implanted and 0.1, respectively. These data were also employed in pre-
ions in the target material within the framework of binary vious investigatiorfs of dechanneling of implanted P ions.
collision approximation, i.e., by the consideration of a se-Both parameters are used to calculate the probability that a P
guence of binary collisions with target atoms in close vicin-ion collides with an atom located within a region of an ex-
ity to the ion trajectory. The black histograms in Fig. 1 showtended defectC, and p; describe the increase of this prob-
the results obtained for the low dose implant at RT and asbility with growing nuclear energy deposition per target
350 °C. The agreement with the experimental data is good. latom and the onset of amorphization in the target region
the simulations, the target was assumed to consist of a peconsidered, respectively. Figuréap shows good agreement
fect Si crystal with a native SiQsurface layer 1.5 nm thick. between the SIMS data and the simulated profiles. The thick-
The following values were used for paramet€gsandCg, in ness of the amorphous layer calculated dyystal-TRIM is

the model for the electronic energy loss of an incident ion innearly identical to the measured value. The damage buildup
a collision with a target ator?'* C,=1.0 andC4=1.38. model was also used to simulate the low dose implants at RT.
The first parameter was employed to calculate the electroniln Fig. 1(a) the gray histograms show the corresponding re-
energy loss averaged over all impact parameters using thaults. The agreement with the experimental data is better than
electronic stopping cross section given in Ref. 10. The secfor simulations that do not consider damage buildup. This
ond parameter describes the impact-parameter dependencestiows that in RT implants, at a dose of about 5
electronic energy loss in the modified Oen—Robinsonx10'® cm 2, defect accumulation influences slightly the
model!*'*41® Thermal vibrations of the lattice atoms were shape of channeling implantation profiles. In the simulation
treated as follows. Since the time of binary projectile—targebf the P profiles obtained at elevated temperatures damage
collision is generally much shorter than the period of thermabuildup is completely neglected. The good agreement with
vibration of a lattice atom, it suffices to consider the instan-experimental datdFig. 2(b)] demonstrates the validity of
taneous thermal displacement of the atom. It is assumed tiiis assumption.

obey a Gaussian distribution with a root mean square) The results of atomistic simulations are generally consis-
(u?)¥2 obtained by the Debye modél tent with the qualitative interpretation of the experimental
1 ) results given above. The small deviation between simulated
p(X) = exp( _ X ) and measured depth profiles should mainly be due to the
(2m(u?))? 2(u?) relatively simple models used in the simulations for elec-

1206 A (2)  tronic energy loss, lattice vibrations, and damage buildup.
(ur)He= I The authors are grateful to Evans East, East Windsor,
((To/K)(M/amu) NJ, for the SIMS analysis. In particular they thank Dr. M. S.

1 1 ¢y zdz \*? T Denker and Dr. S. W. Novak for valuable comments.
X(z*;km) - YET
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