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Establishing an accurate depth-scale calibration in the top few nanometers of an ultrashallow
implant profile
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A method to accurately determine the sputter yield of the matrix from the earliest stages of a sputter profile
is described. Using the technique of medium-energy ion-scattering spectroscopy, this method provides data that
enable a depth scale to be established from subnanometer depths onward. It may be adapted to samples
containing a thin amorphous surface layer~e.g., a preamorphized shallow implant! or to crystalline surfaces
containing a heavy-element marker layer. In this Brief Report we have used this method to interpret the
near-surface profile using erosion-rate data obtained from a 1-keV boron implant into a germanium preamor-
phized silicon~001! surface.
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The development of methods for precise investigation
control of the physical and chemical state of the top f
nanometers of a solid is becoming crucial to many area
science and technology, notably semiconductor research
development. Sputter profiling using secondary ion-m
spectrometry~SIMS! is now widely used in the measureme
of ultrashallow chemical composition, but interpretation
such data remains difficult because of the lack of a ste
state in the primary ion-solid interaction across a signific
part of the near-surface region. It is well known, for e
ample, that the erosion rate of a material varies in the fi
few nanometers of a sputter profile~the transient region!, and
is highly dependent on the specific analysis conditions1,2

Although low probe energies are mandatory for high de
resolution,3 it has been predicted that the difference betwe
the surface and bulk yields increases as the incident p
energy is reduced.1 Moreover, even if incident beam energie
as low as 100 eV are used for sputtering, a significant fr
tion of the dopant in prospective device processes lies in
transient region.4 If, as is usually the case, the profile
quantified using a constant erosion rate derived from sur
profilometer measurements, the near surface region wil
distorted and the rest of the profile will be shifte
accordingly.1 For crater depths of less than 10 nm, it is n
possible to use a surface profilometer to obtain the ero
rate accurately, and in any case the depth measured
contain a significant~but impossible to measure5! contribu-
tion from swelling as a result of implanted probe atoms.6 In
fact the measurement doesnot correspond to the erode
depth in the matrix material. Ideally, it is the thickness of t
matrix eroded per unit SIMS primary ion dose, which
required for accurate depth-scale calibration, and in this
ter we report a method using medium-energy ion scatte
~MEIS! for measuring this quantity directly.

We exploit the ability of MEIS to measure damage lev
using the blocking of channels in a single crystal with
amorphized surface, and examine the rate of change of
residual damage in a preamorphized sample as a resu
subsequent sputtering at sub-keV SIMS primary energie7
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The samples used in this study were cleaved from
Si~001! wafer preamorphized by a dose of;131015cm22

of germanium at 5 keV and implanted with a 1 keV boron
dose of 531014cm22 ~courtesy of Applied Implant Technol
ogy Ltd., UK!. Part of the same wafer was capped with
;15 nm amorphous silicon layer by UHV deposition
room temperature in a VG V90S molecular-beam-epita
~MBE! system. Hence, the same boron distribution was b
ied in some of the samples so that the distribution could
measured both with and without the influence of the trans
effects normally observed in a SIMS profile. The samp
preparation prior to the MEIS measurements was perform
on several;1 cm2 unannealed samples using the EV
2000FL SIMS instrument at Warwick. To obtain measu
ments as a function of the incident-ion dose, each crater
individually prepared using a 500 eV O2

1 primary beam at
normal incidence with a crater size of 3 mm2 with the ion
doses in the range 431015– 231017O2

1 cm22. The 30Si1,
11B1, 74Ge1, and 44SiO1 secondary ion signals were all re
corded to assess the correlation between ion-yield
sputter-yield steady-state doses.

MEIS saturated damage profiles were measured u
100-keV He1 incident ions, with a total beam dose of 0
31016 ions cm22. Experiments were performed using th
double-alignment geometry of@ 1̄10# incidence and@110#
blocking, corresponding to incident and scattering angles
45° and 90°, respectively. Each sample was studied in b
channeled and random directions. The thickness of the d
aged layer created by the 500 eV O2

1 dose was well below
the thickness of the Ge preamorphized layer, and so for
equilibrium dose regime (,331016cm22), sputtering the
amorphous surface removes features due to damage from
original pre-amorphization. The method described here u
MEIS information relating to the loss of matrix~Si! atoms
during sputtering. It is therefore insensitive to the effects
air exposure between sputtering andex situ transfer to the
MEIS instrument~although further oxidation is unlikely to
occur8 in any case!.

MEIS measurements taken in a channeling direction p
vide the damage profiles from the amorphous layer. Bo

1
bardment with 500 eV O2 at normal incidence and with ion
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doses in the range 131015– 231017 ions cm22 progressively
removes the damage until the O2

1 altered layer projects
through the original amorphous/crystalline interface. T
corresponding MEIS energy spectra are shown in Fig. 1.
the no-dose sample the thickness of the amorphized lay
16.5 nm estimated at full width at half maximum measur
using a stopping power of 200 eV/nm obtained from TR
calculations. Detailed investigations show a high degree
damage from the surface to a depth of 13 nm with an aver
dechannelingxmin value of 0.95 indicative of complete
amorphization. The oxygen signal~not shown!, due to the
presence of the native- and sputter-beam-induced oxide,
tributes to the shape of the high-energy edge of spectr
Therefore, the transient investigations in this work start fr
the no-dose sample with SiO2 on the surface, due to th
native oxide, and end with the SiO2 altered layer~possibly
with an additional suboxide layer! formation due to the im-
planted primary oxygen atoms. The native oxide was e
mated to be;1 nm thick from comparison with an unim
planted crystalline wafer.

With reference to Fig. 1, the areaA(f) under each MEIS
damage spectrum is first calculated, wheref is the ion dose.
The dechanneling background in the crystalline mate
does not affect the intensity in the amorphized layer a
hence the areas are calculated without the background

FIG. 1. MEIS channeling spectra of the Si peak and the effec
damage due to the 5 keV Ge and 1 keV B implants. The norm
incident 500-eV O2

1 ion doses are indicated and all the spec
were recorded with a 100-keV He1 ion beam. Virgin Si~001! is also
included for comparison. Shading on the inset indicates how
individual areasA(f) were calculated.
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traction, as shown. The difference in areaDA(f) between
each MEIS spectrum and the ‘‘no-dose’’ areaA0 is propor-
tional to the total number of silicon atoms sputtered at t
dosef of O2

1 ions, so that

DA~f!5A02A~f!}E
0

f

YSi~f!df, ~1!

whereYSi is the silicon sputtered yield.
Figure 2 shows the measured data forDA(f) as a func-

tion of f ~black circles!. In principle, similar results could
also be obtained for the erosion rate in a crystalline ma
sample, for example, with a SiGe, As, or Sb marker la
buried below a crystalline Si cap, by monitoring the ener
shift with respect to the Si edge as the Si atoms in the cap
removed and accounting for the shift due to stopping by
oxygen from the SIMS beam. It is clear from Fig. 2 that t
amount of eroded Si as a function of the bombardment d
initially increases nonlinearly as expected in the transi
region. The data in Fig. 2 are well fitted by the function

DA~f!5af1b~12e2cf!, ~2!

whose slope is proportional to the sputter yield of the mat
Fitting givesa5561.5~given the form of the equation,a is
proportional to the bulk sputter yieldY`!, b5318.7, andc
518.35, iff is measured in units of 1017O2

1 cm22. Previous
measurements9 used the dose at which the silicon ion yie
reached steady state as an estimate of the transient dosef tr ,
obtaining;1.531016O2

1 cm22 for silicon with an;1 nm
native oxide and 1.731016O2

1 cm22 for clean silicon. The
sputter yield should also be in steady state by the end of
transient. The slope of Eq.~2! falls to within 5% of a at a
dose of 331016O2

1 cm22, almost double that in the previ
ous measurements. Referring for a moment to the das
line in Fig. 3, which shows the boron SIMS profile for th
uncapped sample analyzed under bombardment condit
identical to those calibrated by MEIS, one notes a spike
the surface, which is universally observed under all anal

f
ly

e

FIG. 2. A plot of the difference between area under the
implanted damage profile and the oxygen-dosed profiles from
MEIS spectra as a function of oxygen dose. The fit shown was u
in the SIMS-depth-profile correction.
2-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 113412
cal conditions that produce a fully oxidized altered lay
~i.e., near-normal incidence bombardment with O2

1 or si-
multaneous use of oxygen flooding with more glancing-an
bombardment!. The point marked by an asterisk—the end
the spike—corresponds to a dose of 331016O2

1 cm22. The
boron spike was also observed in Ref. 9, flattening out a
similar dose. It appears that 331016O2

1 cm22 is a better
estimate off tr for 500 eV bombardment than obtained pr
viously. Silicon-ion yields stabilize earlier because, after
initial steep rise, the increase in silicon ionization probabil
due to oxidation is compensated by the corresponding re
tion in silicon partial sputter yield.~Similar arguments have
been reported independently to account for the rapid sta
zation of silicon-ion yields during sputtering with an oxyge
jet10!. It appears that boron-ion emission, in contrast, ta
place at constant ionization probabilityaB

1 , and therefore,
after the initial steep rise~to the peak of the spike! its ion
yield is proportional to the sputter rate of the matrix.

Previous experiments9 have also used the primary beam
energy-dependent shift~transient shift1! to obtain the ratio of
the average sputter yield̂YSi& in the transient region toY`

for 500 eV O2
1 ions incident on~100! crystalline silicon.

This average is important both as a check on the data an
a check on the depth scale which may be corrected i
simple way if it is known. The result waŝYSi&/Y`52.1 for
f tr;1.731016 cm22, based on the assumption that the sp
ter yield equilibrated at the same dose as the ion yield.
obtain a comparison from Fig. 2, we note that^YSi& is pro-
portional to the gradient of a straight line through the orig
intersecting the curve at 331016O2

1 cm22 ~dashed line!, and
the resulting ratiô YSi&/Y` is 2.9—somewhat higher tha
before. At present, there are relatively few data points in
0.531017– 331017cm22 dose range, which may result i
some error. Nevertheless, the fact that the ion yields and
erosion rate stabilize at the same dose supports the esti
of f tr .

FIG. 3. Comparison between conventionally depth-calibra
~constant erosion rate from surface profilometer! boron profile using
500 eV O2

1 at normal incidence, and profiles with corrected dep
along with both corrected depth and yield. The inset shows a lin
plot of the top 4 nm.
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From Eq.~2! it follows that

YSi~0!

Y`
5

1

a

d@DA~f!#

df U
f50

, ~3!

which, from the data in Fig. 2, gives a value of 11–12, rath
larger than the predictions in Ref. 1, which yield a ratio
about 6.5. Taking a literature value ofY`50.14 one gets a
value in the range 1.5– 1.7 Si/O2

1 for the initial sputter
yield.10 Unlike the sputter yield, the low-energy ion yield
close to zero at the surface. This implies that the high surf
sputter yield is due to weak near-surface bonds, without
nificant polarization~since this would, in general, lead t
high ion yields!. Similar effects are observed in crystallin
and amorphous silicon~as opposed to the amorphized silico
used here! so that the high concentration of Ge near t
surface of this sample is unlikely to be affecting the da
Conversely, MEIS shows the top few nanometers to be co
posed of native oxide, which would ordinarily exhibit hig
positive-ion yields. One possible explanation of the pheno
enon is that initially high top-monolayer concentrations
hydrogen undergo ion-impact-enhanced reaction with silic
to produce volatile silane, which carries silicon away fro
the surface by evaporation rather than sputtering.

The eroded depth of matrixz for a given dosef is
proportional toDA(f), and since

Lim
f→`

z5fY`VSi , ~4!

whereVSi is the atomic volume of the matrix, the constant
proportionality must beY`VSi /a so that, in general,

z51017
Y`

a
VSiDA~f! ~ /cm!, ~5!

where the factor of 1017 accounts for the dose scale used
the fitting of Eq.~2!. In Eq. ~5!, z has units of centimeters i
a is dimensionless andDA and b are in units of
1017atoms cm22. SubstitutingDA (f tr5331016)5486 from
Eq. ~2! into Eq.~5!, using the value 0.14 Si/O2

111 for Y` and
takingVSi52310223cm3 we find the width of the transien
region ~i.e., the thickness of silicon sputtered to achie
steady state! to be 2.4 nm, again higher than the figure of 0
nm estimated for crystalline Si.9

Equation~5! may be used to apply a fully corrected dep
scale to an implant profile, either by calibrating the data
ing Y` as above, or by using the measured crater depthzmeas
andf tot to fix the end point for Eq.~2!. Implicitly this gives
the constant terms in Eq.~5!, e.g.,

z5
zmeas

DA~f tot!
DA~f!, ~6!

where it is assumed thatzmeasis sufficiently large that errors
due to the altered layer are insignificant. Returning to Fig
the dash-dot line shows the profile with a depth scale
duced from Eq.~6! wheref tot52.931018O2

1 cm22. The in-
set shows the near-surface behavior on a linear scale.~Pri-
mary ion current is 35 nA, bombarded area is 190mm2,
profile time is 4791 s.! The corrected profile is shifted by 1.
nm, which is somewhat more than expected from trans
shift data for crystalline silicon~0.9 nm keV21 per O2

112!.
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Note that the main effect of the correction has been to stre
the surface spike laterally. Comparison between the m
sured profile~dashed line! and the measured profile from th
capped sample~dotted line in Fig. 4! lends further support to
the notion that boron is sputtered out at constantaB

1 in the
spike:13 The measured dose ratio (Duc/c) between the un-
capped and capped samples is given by

Duc/c5 (
surface

profile end

YucY (
interface

profile end

Yc , ~7!

whereYuc and Yc are the11B1 yields in counts s21 for the
uncapped and capped samples, respectively. We find
Duc/c;0.99 so that the spike in the as-measured data c
serves the boron dose as expected for constantaB

1 . ~Note
that this dose ratio is absolute in the sense that it uses

FIG. 4. Comparison between corrected and capped profiles.
depth scale of the capped profile has been offset by215.3 nm~the
thickness of the cap!.
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the raw data and requires no reference materials.! The decay
slope on the spike should therefore be due to the decrea
erosion rate, while the rising slope at the very earliest sta
of the profile occurs outside the constant-ionization regim
Consequently, the stretching process in the depth correc
has not conserved the boron dose and we should appl
inverse correction to the boron-ion yieldYB

1 ,

YcorrB
1 ~f!5YB

1~f!
Y`

YSi~f!
. ~8!

The results of this procedure are shown by the solid curv
Fig. 3. The boron-surface spike is now completely remov
as one would expect for an ideal profile without transie
effects. The capped sample, which is free from transient
fects, provides a reference for the yield correction. The co
parison in Fig. 4 between the dotted line~as measured
through the cap! and the fully corrected profile shows th
the yield correction works well in the decaying part of t
spike, again supporting the hypothesis that boron is sputt
at constant yield in this region.

In summary, we have demonstrated an application
MEIS, which has been used directly to provide an accur
measurement of the dose-dependent sputter yield of sil
during the SIMS-surface transient regime. We have sho
how these data may be used for profile correction in
increasingly important top few nanometers of an ult
shallow implant profile and achieve quantitative agreem
with other measurements. The suggestion, however, is
further use of this method should provide even more accu
depth scale by extending this type of measurement to o
incident-ion energies and matrices~e.g. crystalline silicon! to
fully exploit its potential.
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