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The recent need for measuring depth profiles for ultralow-energy B ion implants in Si has pushed 
the technique of secondary ion mass spectrometry (SIMS) into unprecedented degrees of high depth 
resolution. For such shallow implant distributions, it remained to be seen if the quantification 
procedures which have been used for determining deeper B in-depth distributions are accurate for 
these very shallow profiles. What is more, the B concentrations at the surface can be in the 
percentage range for implants of 1E15/cm2 at energies below 1 keV. It has not been demonstrated 
that SIMS can be accurate in this high-concentration regime. In this article, we use the nuclear 
reaction " ~ ( p , a ) ~ B e  to confirm the accuracy of the implanted doses in low-energy B implants in 
Si. Our results indicate that the doses measured by SIMS are within 5% of those measured using 
nuclear reaction analysis. O 2000 American Vacuum Society. [S0734-21 lX(00)05601-81 

I. INTRODUCTION 

The recent need for measuring depth profiles for ultralow- 
energy ion implants in Si (Ref. 1) has pushed the technique 
of secondary ion mass spectrometry (SIMS) into unprec- 
edented degrees of high depth resolution and depth accuracy. 
This application requires accurate analyses withm the top 
1-10 nm of the sample surface where the "surface tran- 
sient" affects secondary ion yields. Flooding the Si surface 
with oxygen during analysis is an accepted method for re- 
ducing the magnitude of the surface transient e f f e ~ t . ~  How- 
ever, equally important is the need to determine implanted 
doses accurately in the topmost 1-2 nm region of the Si. 
With more moderate-energy implants, the accuracy of a 
SIMS analysis within this depth region of the Si is not so 
important because only a very small fraction of the im- 
planted dose comes to rest within this very near-surface 
depth interval. However, when ultralow-energy implants are 
made into Si, a majority of the dopant can come to rest 
within this very near-surface region. It has not yet been 
shown that SIMS can make measurements of total dose 
within this region, even when using an oxygen leak to stabi- 
lize ion yields. What is more, the B concentrations at the 
surface can be in the percent range for implants of 1E15/cm2 
at energies below 1 keV. It has also not been demonstrated 
that SIMS can be accurate in this high concentration regime. 
The question about the accuracy of SIMS in determining 
boron doses in the very near-surface region is critically im- 
portant because of the need to evaluate the effectiveness of 
various anneal treatments at maximizing the fraction of im- 
planted B atoms which become incorporated into the ~ i . ~  

In order to assess the accuracy of SIMS in determining 
implanted B doses in the topmost 1-2 nm of the Si, we have 
used the nuclear reaction " ~ ( p , a ) ~ B e  to measure the total 
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dose of "B implanted into five Si samples. This technique 
does not suffer from any matrix effects, and it is considered 
an "absolute" technique when calibrated with an appropri- 
ate standard. 

II. EXPERIMENT 

Five Si samples were implanted with "B. The energies 
and doses were chosen to span a range of depths and surface 
concentrations which would be encountered in the analysis 
of ultralow-energy B implants. The energies were 0.25, 0.5, 
1.0, and 1.5 keV. Doses for the implants made at these four 
energies were 5~141cm~. One additional sample was im- 
planted with an energy of 0.5 keV but to a dose of 
1.0~15/cm~. 

The SIMS analyses were performed on a Physical Elec- 
tronics model 6600 secondary ion mass spectrometer modi- 
fied for routine use with an oxygen leak. The sputtering con- 
ditions were: 1.5 keV 0; bombardment at 60" with respect 
to the surface normal. An oxygen leak was directed onto the 
sample surface during the analyses. The pressure measured 
in the analysis chamber during the analyses was approxi- 
mately 2E-6 Tom. Sputtering rates were approximately 1 
fYs. The detected secondary ion species were lBf and 3 0 ~ i f .  

Quantification of the B profiles was accomplished by ana- 
lyzing, along with the analytical samples, a boron-doped Si 
wafer, the B concentration of which was determined by ana- 
lyzing the sample versus a Standard Reference Material (No. 
2137) from the National Institute for Standards and Technol- 
ogy. The dose of h s  implant of '% in Si is known to an 
absolute accuracy of ?3%. We thus estimate the accuracy of 
the B concentration of our bulk-doped standard to be 5 % .  

The sputtering rates were determined frofn the time 
needed to sputter to the peak of a buried Ge spike in epitaxi- 
ally grown Si. The spike is known to be located 312 A be- 
neath the Si surface of this standard. The primary ion beam 
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Channel number 

FIG. 1. a-particle energy spectrum from the " ~ ( p , a ) ~ B e  nuclear analysis 
of the standard of "B implanted in Si standard. 

current was checked before and after each analysis and was 
kept constant to within 5 1%. Thus, the sputtering rate deter- 
mined from the sputter rate standard could be used for all of 
the analyses. 

The nuclear reaction analyses were performed using a Na- 
tional Electrostatics Model 5SDH-4 accelerator. A 650 keV, 
400 nA proton beam was used for analysis. 200 pC of 
charge were accumulated per analysis. The particle detected 
was the 5.57 MeV a particle which resulted from the 
" ~ ( ~ , c u ) ~ B e  nuclear reaction.495 The standard used for the 
nuclear reaction analysis was a 30 keV implant of "B in Si 
with a dose of 8.76+0.60~15/cm~. The standard is one 
which has been used at Bell Laboratories for more than six 
years for these measurements. 

Ill. RESULTS 

Figure 1 shows the a-particle spectrum taken when bom- 
barding the standard "B in Si with 650 keV protons. The 
dose of 8.76~151cm~ gives a total @particle yield of 9600 
counts. Since there are no matrix effects in the llB(p, a18Be 
nuclear reaction, the dose of the analytical samples is simply 
the ratio of the number of &particles detected from the 
samples relative to that detected from the standard. The only 
assumptions made are: (1) all of the "B resides within the 
sampling depth (>8 pm) for the 650 keV proton beam. 
Since we are dealing with ultralow-energy implants, this is a 
valid assumption. The second assumption is that all of the 
boron present in the samples is "B. The " ~ ( ~ , a ) ~ B e  
nuclear reaction is specific for "B only. The validity of this 
assumption was confirmed during the SIMS analysis during 
which both '9 and "B were monitored. 

Figures 2-4 show the three replicate "B profiles mea- 
sured by SIMS on representative samples L-76, L-80, and 
L-82, respectively. The integrated doses for each SIMS 
analysis are noted on each figure. These were used to deter- 
mine the average SIMS doses and relative standard devia- 
tions shown in Table I. As shown in the table, the precision 
of the SIMS measurements is of the order of 1%. 

Depth (angstroms) 

FIG. 2. SIMS profiles of three analyses of sample L-76, a reaction implant of 
1 keV "B in Si. The doses as measured by SIMS are shown on the plot. The 
dose determined from " ~ ( p , a ) ~ B e  nuclear reaction analysis was 
3.86Ei14/cm2. 

IV. DISCUSSION 

The data in Table I illustrate that with proper sensitivity 
cahbration and sputter rate calibration, SIMS can measure 
implanted doses of ultralow-energy B implants to within 5% 
of the actual doses. Some features of the 1 1 ~ ( p , a ) 8 ~ e  
nuclear reaction analyses and the SIMS analyses need to be 
elaborated upon, however. The relative standard deviation of 
the counting statistics for the nuclear reaction analyses is 
approximately 5%. This is for a "B dose of 5 ~ 1 4 1 c m ~  and a 

Depth (angstroms) 

FIG. 3. SIMS profiles of three analyses of sample L-80, an implant of 0.5 
keV "B in Si. The doses as measured by SIMS are shown on the plot. The 
dose determined from "B(p,a) '~e  nuclear reaction analysis was 
4.78~14lcm~. 
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Depth (angstroms) 

FIG. 4. SIMS profiles of three analyses of sample L-82, an implant of 0.25 
keV "B in Si. The doses as measured by SIMS are shown on the plot. The 
dose detennined h m  " ~ ( p , a ) ~ B e  nuclear reaction analysis was 
4.59~14/cm~. 

proton charge accumulation of the sample of 200 pC. Thus, 
for the lowest dose sample, L-76, we accumulated an addi- 
tional 200 pC of charge to reduce the counting errors. The 
relative standard deviation between the two 200 pC charge 
integrations for samples L-76 was 2.9%. This indicates that 
the errors introduced by the nuclear reaction analysis (NRA) 
counting statistics are minor when compared to the potential 
inaccuracies of the SIMS measurements. The SIMS measure- 
ments have at least three possible sources of error. The &st 
is an error introduced into the total integrated "B dose by the 
inaccuracy of the sputtering rate in the beginning stages of 
the analysis. We have shown conclusively6 that, using the 
sputtering conditions of this work, the measured profile is 
too shallow by approximately 2.5 nm. AU of the error comes 
within the initial 5 nm of sputtering. It has been shown that 
the sensitivity factor for boron relative to silicon in the initial 
stages of sputtering, during which the sputter rate is chang- 
ing, compensates for the error introduced into the dose inte- 
gration by the inaccurate depth scale of the profile. However, 
the absolute accuracy of SIMS-determined doses had not 
been measured prior to this work for ultralow-energy B im- 
plants in which a large fraction of the total dose resides 

within the top 5 nm of the silicon where the inaccuracy of 
the depth scale is greatest. However, we see from the accu- 
racy of the SIMS-determined doses that any error introduced 
into the SIMS measurements by the inaccuracy of the depth 
scale in the initial stages of sputtering is very small. 

The second possible source of error in the SIMS measure- 
ments is in the accurate measurement of the very high B 
concentrations that are found at the surface of ultralow- 
energy implants. The surface B concentration for the sample 
implanted at 0.25 keV is between 2E21/cm3and 3E21/cm3. 
This is approximately 5 at. %. The standard used to establish 
the SIMS instrumental sensitivity uses a "B concentration 
200 times lower than this. It is generally assumed that SIMS 
measurements can be subject to error when the concentra- 
tions to be measured are above the "dilute limit," which is 
generally taken to be 1 at. %. Our measurements show, how- 
ever, that even for boron concentrations five times greater 
than the dilute limit, accurate B doses can still be measured 
when using the measurement protocol described here. 

The third possible source of error is due to the presence of 
an oxide on the surface of the wafers after implantation. It 
has been shown that oxides of greater than 1 nm in thickness 
can be present on wafers after implant, even if the wafers 
were HF-etched just prior to implant. Oxides are known to 
have a very large enhancement effect on B sensitivity when 
sputtered from Si, and one might expect an affect on the 
quantification when sputtering in this oxide since the instru- 
ment calibration is performed using a standard Si, not Si02. 
The use of oxygen flooding is supposed to do away with this 
problem since the sputtered surface is continuously being 
converted to Si02, including the surface of the standard 
when it is analyzed. Again, however, no independent confir- 
mation of this assumption has been published. This present 
work suggests that this assumption is valid. 

This study also sheds light on an often-discussed feature 
of SIMS profiles of ultralow-energy B implants, namely, the 
peak which is always detected at the surface. This feature is 
easily seen in the profile for 1.0 keV B shown in Fig. 2. 
TRIM (transport of ion through matter) calculations predict 
that no peak should exist at the surface for such an implant. 
However, the SIMS-measured dose of this sample (as well as 
all other samples) is only correct if all of the surface peak is 
integrated to be included in the measured dose. The surface 
peak has been discussed previously7 and it is thought that it 
may be due to a redistribution of subsurface B to the surface 
during the initial stages of sputtering. This remains to be 

TDLE I. Comparison of doses as detennined by " ~ ( p , a ) ~ B e  nuclear reaction analysis and SIMS. 

Nominal dose NRA dose Ave. SIMS dose % error 
Sample ID Energy (keV) (E14/cm2) (E14/cm2) (E 14/cm2) of SIMS 

SPC 1.5 5.0 5.78 5.74% 1.5% -0.7 
L-76 1.0 5.0 3.86 3.86%0.6% 0% 
L-80 0.5 5.0 4.78 4.97+0.2% +4.0% 
L-82 0.25 5.0 4.59 4.48+0.7% -2.4% 
IB 0.5 10.0 8.80 8.65+0.9% -7.7% 
+0.12% ave. error 
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Average: 5.79E14Icm2 

Std. Dev.: 0.1 1 E14Icm2 

1 11 I98 2120198 4 1  1/98 5/31 I98 
Date 

FIG. 5. Plot of SIMS-measured dose on our statistical process control 
sample over a five month period in 1998. The dose of this sample was 
measured by " ~ ( ~ , a ) ~ ~ e  nuclear reaction analysis at the end of May 1998 
and found to be 5.78~14/cm~. 

proven, but this work shows that it justified to include the 
surface peak in the total dose calculation. 

The surface peak for these ultralow-energy implants in- 
cludes some "B due to air exposure of the Si surface. This 
would be counted by the " ~ ( p , n ) ~ B e  nuclear reaction and 
the SIMS, but it would not be included in the dose integra- - 
tion of the implant. One might expect this to lead to a dis- 
agreement between the implanted dose and the NRA- 
measured dose. This, however, is not the case here because 
the air-exposure contamination includes both '% and "B, 
while the implantation only introduces "B. SIMS detects 
both isotopes separately and we find that the amount of '% 
from air exposure is so small that the associated "B from air 
exposure is at least an order of magnitude lower in concen- 
tration than the "B from the implant. 

The long-term accuracy of our dose measurements has 
also been examined. One of the samples which was included 
in this study, sample "SPC," is a statistical process control 
sample which we analyze with each group of ultralow- 
energy B samples measured by SIMS. Figure 5 shows the 
values for the integrated dose for this sample which we have 
measured over a five-month period in 1998. The average 
value of 5.79~141cm~ is virtually identical to the dose mea- 
sured by " ~ ( p , n ) ~ B e  nuclear reaction analysis which is 
shown in Table I. It is also in good agreement with the av- 
erage value which was determined by SIMS in this study 
whch is also shown in Table I. We hasten to point out, 
however, that the " ~ ( p ,  cr)'Be nuclear reaction analysis was 
not carried out on this sample until the end of the time period 
shown in Fig. 5. It was only then that we learned that the 
values of which we were obtaining by SIMS for the dose of 
thls sample were correct. 

V. CONCLUSION 

We have shown that the total integrated doses for B in 
ultralow-energy implants can be determined with an accu- 
racy of better than 5% using secondary ion spectrometry 
with oblique incidence 0; primary ion bombardment and 
using oxygen flooding to stabilize the ion yields in the h t  
several nanometers of sputtering. The problem of an inaccu- 
racy in the depth scale over this initial depth interval does 
not introduce an inaccuracy in the integrated B dose. In ad- 
dition, the concentrations of B at the surface of up to 5 at. % 
do not appear to present a problem with SIMS quantification, 
even when a dilute concentration B standard is used for cali- 
bration. 

One must remember that in using the sputtering condi- 
tions of this work, there is an inaccuracy in the depth scale of 
the analyses (profiles are 2.5 nm too shallow). It has been 
shown conclusively,6 however, that one can sputter Si using 
conditions which do not result in such inaccuracies. It is yet 
to be determined whether one will still be able to determine 
accurate B doses when the sputtering conditions are chosen 
such that there is no inaccuracy in the depth scale in the 
initial stages of sputtering. We are in the process of perform- 
ing such experiments to answer this question. 
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