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In this paper, we describe the improvement of secondary ion mass spectrometry (SIMS) profile analysis by a new approach

based on partial deconvolution combined with scale-frequency shrinkage. The SIMS profiles are obtained by analysis of the

delta layers of boron doped silicon in a silicon matrix, analyzed using Cameca-Ims6f at oblique incidence. These profiles can

be approximated closely by exponential-like tail distributions with decay length, which characterizes the collisional mixing

effect. The partial deconvolution removes the residual ion mixing effect. The contributions of high-frequency noise are

removed by shrinkage to a great extent of the profiles. It is shown that this approach leads to a marked improvement in depth

resolution without producing artifacts and aberrations caused principally by noise. Furthermore, it is shown that the

asymmetry of the delta layers, caused by the collisional mixing effect, is completely removed, the decay length is decreased

by a factor of 4 compared with that before deconvolution. [DOI: 10.1143/JJAP.46.7441]
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1. Introduction

Secondary ion mass spectrometry (SIMS) is widely used

in the semiconductor industry, particularly for the develop-

ment of advanced integrated circuits and devices. It is a

versatile technique that can be applied to any problem

requiring in-depth analysis.1)

Nowadays, device size is scaled down, which requires

considerable effort on the improvement of SIMS apparatuses,

in order to realize high sensitivity, high lateral resolution and

in-depth resolution.1,2) However, depth resolution is gov-

erned by several phenomena inherent to the action of the

primary ion in the substrate and their incorporation in the

matrix. The main physical mechanism responsible for the

degradation of depth resolution is collisional mixing. This

results from the collision cascades following the loss of the

primary ion energy in the target, and greatly limits the

accuracy of depth profile determinations at nanometer depth

resolutions. This phenomenon cannot be completely re-

moved, but it can be reduced by lowering the primary ion

energies.3) In addition to this physical phenomenon, noise is

an instrumental parameter that cannot be eliminated by the

improvement of operative conditions. Moreover, the devel-

opment of more sophisticated instrumentation might enhance

the skills of SIMS operators.4) Fortunately, the experimental

depth resolution, as well as the shape of the SIMS profile, can

be improved by deconvolution. Nevertheless, recent years

have seen the development of several deconvolution algo-

rithms that show an improvement in depth resolution without

taking into account noise effects.2–6) Indeed, the consequence

of noise in numerical processing is the generation of artifacts

and oscillations that limit the accuracy of results and their

interpretations. Moreover, none of these algorithms have

been used widely because the calculations are typically

complicated and time-consuming.1) These algorithms require

specific and detailed knowledge of response functions from

the measurements of �-doped samples, which are often

not available. The obtained results using almost of these

algorithms show aberrations and negatives concentrations,

which are not physically acceptable.1,3,5,6)

In this paper, we propose a new deconvolution algorithm

based on partial deconvolution1,5) combined with an algo-

rithm widely used in speech processing for noise compen-

sation, which is called scale-frequency shrinkage.8) Partial

deconvoution is used to remove the collisional mixing effect.

Shrinkage is used to remove artifacts and oscillations from

the analyzed results to provide more accurate measurements

of depth profiles. The case of multilayer boron-doped

silicon, analyzed using Cameca-Ims6f at oblique incidence,

is considered. The obtained results using this approach are

presented and discussed.

2. Principle of Proposed Algorithm

The two principle mechanisms responsible for the broad-

ening of the shape and depth resolution of SIMS profiles

are collisional mixing and noise. Indeed, it is important to

eliminate these phenomena to retrieve the shape and spatial

resolution of SIMS profiles. To improve the quality of SIMS

profiles, we propose a new algorithm based on scale-

frequency shrinkage combined with partial deconvolution.

This algorithm depends only on local depth information and

does not require detailed knowledge of the entire profile

(Fig. 1).

2.1 Scale-frequency shrinkage

In the signal processing theory, denoising is a major issue,

which is widely reported in the literature.8,9) If the observed

noisy signal is ynðzÞ ¼ yðzÞ þ nðzÞ (where y is the perfect

signal and n is the noise added independently to the perfect

signal) the main question is how to obtain the estimated ŷyðzÞ

of the perfect signal yðzÞ. In probabilistic terms, y and n are

regarded as achievements of the random variables Y and N.

According to the used model for these random variables,

several denoising methods were proposed.8–11) In this paper,

scale-frequency shrinkage has been used. This algorithm is

largely used in signal wavelet transform.8)

The soft shrinkage corresponds to the maximum a pos-

teriori (MAP) estimation of y, with the assumption that N is�E-mail address: Boulakroune@tele.ucl.ac.be
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a white-Gaussian noise, which is a type of noise in SIMS

analysis. The estimation is carried out using soft shrinkage

as follows:

If

jynðz; f Þj > �ð f Þ; ð1Þ

then,

ŷyðz; f Þ ¼
ynðz; f Þ

jynðz; f Þj
ðjynðz; f Þ � �ð f ÞjÞ; ð2Þ

else,

ŷyðz; f Þ ¼ 0;

where, f is the frequency, z is the scale, and Bð f Þ is the

threshold of shrinkage defined by

�ð f Þ ¼ �
�2
nð f Þ

�2
y ð f Þ

; ð3Þ

where � is a parameter that controls the amount of removed

noise. �n and �y are, respectively, the standard deviation of

the noise and the perfect signal. The estimation of �2
nð f Þ and

�2
y ð f Þ is carried out by estimating power spectral density,

considering the value of signal-to-noise ratio (SNR) that

gives the best result. By using this procedure, the noise can

be smoothed out; thus, artifacts and oscillations resulting

from deconvolution can be avoided.

2.2 Partial deconvolution

Yang et al.1,5) have identified the artificial tailing ob-

served in SIMS profiles as primarily caused by the residual

collisional mixing effect, characterized by an exponential

decay of the peak concentration. The decay length �d
generally depends on the tracer element and matrix, primary

ion beam characteristics, and particularly impact ion energy

(Fig. 2).

To remove the residual ion mixing effect, Yang et al.

proposed an algorithm based on partial deconvolution. The

SIMS response function hðz� z0Þ is the normalized response

at any given depth (z) of a �-doped layer at (z0) depth, when

the analysis process is linear and invariant. A real concen-

tration xðzÞ will result in a measured profile ynðzÞ defined by

ynðzÞ ¼

Z þ1

�1

xðz0Þhðz� z0Þ dz0 þ nðzÞ; ð4Þ

where nðzÞ is the noise that is added independently to the

perfect measured signal yðzÞ. After denoising, the estimation

of the denoisy signal ŷyðzÞ is expressed by

ŷyðzÞ ¼

Z þ1

�1

xðz0Þhðz� z0Þ dz0: ð5Þ

The collisional mixing effect is an exponential decay

function that is modeled by

decðz� z0Þ ¼
1

�d
exp �

z� z0

�d

� �

z > z0;

decðz� z0Þ ¼ 0 z < z0.

8

<

:

ð6Þ

The general SIMS response function hðzÞ (depth resolution

function, DRF) can be expressed as a convolution of the

collisional mixing function [decðz� z0Þ] with different

convolution functions [gðz� z0Þ];

hðz� z0Þ ¼

Z þ1

�1

decð�Þ � gðz� z0 � �Þ d�: ð7Þ

The differentiation of both sides of eq. (5) with respect to z,

then substitution into eqs. (6) and (7) yields
Z þ1

�1

xðz0Þ � gðz� z0Þ dz0 ¼ ŷyðzÞ þ �d
@ŷyðzÞ

@z
: ð8Þ

Considering the approximation at the zeroth order (i.e.,

assuming gðzÞ as a delta function that can be generalized in

the next paragraph) then

xðzÞ � ŷyðzÞ þ �d
@ŷyðzÞ

@z
: ð9Þ

From this relation, the deconvolved signal [xðzÞ] depends

only on the measured signal [ ŷyðzÞ] and its derivate multiplied
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Fig. 1. Algorithm of proposed approach.
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by the exponential decay length. It does not require specific

and detailed knowledge of DRF, which is often not

available.

2.3 Reconstruction of SIMS profiles

To generalize and validate the proposed algorithm, it is

important to reconstruct SIMS profiles by simulation. The

simulation procedure is as follows: Let us consider y1 and

y2 to be the two experimental measurements of profile x

analyzed respectively at two different energies, E1 and E2.

By definition,

ŷy1 ¼ hðz; �u1; �g1; �d1Þ � xðzÞ;

ŷy2 ¼ hðz; �u2; �g2; �d2Þ � xðzÞ:
ð10Þ

By substituting the two equations of eq. (10), we obtain

ŷy2 ¼ hðz; �u2; �g2; �d2Þ � ð ŷy1�hðz; �u1; �g1; �d1ÞÞ; ð11Þ

where operators � and � are, respectively, the convolution

and deconvolution operators. �u and �g, are, respectively,

the rising exponential decay and standard deviation of the

Gaussain function.

Since the partial deconvolution is used, then we have ~xx ¼

x� gð�u1; �g1Þ rather than x. The function gð�u; �gÞ, which

has been considered in §2.2 as Dirac function [approxima-

tion at the zeroth order, eq. (7)], contains the Gaussian and

exponential rising contributions. This function is the result

of the convolution of a rising exponential function (of the

parameter �u) with a Gaussian function (of parameter �g).

The relation to be verified then is

ŷy2 ¼ hðz; �u2; �g2; �d2Þ � ð ~xxðzÞ�gðz; �u1; �g1ÞÞ; ð12Þ

then,

ŷy2 ¼ hðz;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2
g2 � �2

g1

p

; �d2Þ � ~xxðzÞ: ð13Þ

From the deconvolved profiles, this simulation procedure

has been applied to reconstruct SIMS profiles analyzed at

different energies.

3. Results and Discussion

Samples of boron doped in silicon are multilayers

analyzed using Cameca-Ims6f magnetic sector instrument,

corresponding to 3.5 keV/Oþ
2 primary beam (49.0� inci-

dence) and 6.5 keV/Oþ
2 primary beam (40.3� incidence).

The SIMS profiles are shown in Figs. 3 and 4. The total

sputter depth was determined from the crater measurements.

The distorted tail shape observed in the boron profile is

due to a significantly larger ion mixing effect. This is

characterized by the decay length �d, which is the most

important and sensitive parameter. It is equal to 30 Å for the

profile analyzed at 3.5 keV (Fig. 3) and to 40.7 Å for the

profile analyzed at 6.5 keV (Fig. 4). This parameter has been

determined by fitting the exponential decay function to the

decay tail. At high frequencies, the noise affects the low

levels of signals [this appears clearly in the logarithmic scale

of Figs. 3(b) and 4(b)].

By using the proposed algorithm, the results are quite

satisfactory suggesting that this approach is indeed self-

consistent. A clear improvement in the contrast is observed;

the delta layers are more separated. The shape of the results

is symmetrical for all layers, indicating that the exponential

features caused by SIMS analysis are removed. The new

values of �d are, respectively, 6.7 and 9 Å for the profiles

corresponding to 3.5 (Fig. 3) and 6.5 keV (Fig. 4). These

values give a gain approximately equal to 4.5. The in-depth

resolution is characterized by the full width at half maximum

(FWHM) of the deconvolved delta layers. The in-depth

resolutions are 58.65 Å for the profile corresponding to

3.5 keV (Fig. 3) and 91.46 Å for the profile corresponding to

6.5 keV (Fig. 4) thus, the FWHMs of the measured deltas of

each profile are, respectively, 118.03 and 174.98 Å, which

give a gain of in-depth resolution of 2. The dynamic range

is improved by a factor of 1.5 for both profiles [clearly

observed in the linear scale of Figs. 3(a) and 4(a)]. The

heights of the delta layers have been corrected so that all the

layers have approximately the same height, as modified by

SIMS analysis. Moreover, the obtained results show the

conservation of the rising part and round form of the

deconvolved peaks due to the absence of the correction of

the rising exponential and the Gaussian part of the depth

resolution function.

Indeed, partial deconvolution is sensitive to noise, because

it is not regularized; the numerical derivation of the noisy
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data generates values potentially aberrant and the final result

can contain negative values, oscillations and artifacts. For

this reason, it was essential to use a procedure of denoising

before any numerical processing. By using scale-frequency

shrinkage, there are no artifacts and oscillations (which are

the consequences of noise) at the end of the deconvolved

peaks; fortunately the noise is removed before deconvolu-

tion. The estimated SNR values are equal to 40 and 35 dB,

for the profiles measured at 3.5 and 6.5 keV, respectively.

The accuracy of this algorithm depends on the precision of

the SNR obtained from the measurement, and the accuracy

and applicability of the fitting parameters of the depth

resolution function.

On the other hand, the first-order moment of hðzÞ is equal

to �d � �u � �d (�u is practically negligible in the DRF; it is

approximately equal within 4 to 5 Å). Thus, a profile treated

by using this procedure must be shifted towards the right-

hand side,1,12) except if one allots to the phenomena a

conservative character of the average position of the profiles.

In this study, it is supposed, implicitly, that the depth

resolution function is invariant; this procedure, like any

other procedure of deconvolution based on this assumption,

can be applied only in the part of the profile that corresponds

to the steady state of the analysis.

Indeed, this deconvolution is not complete because the

true DRF is not reduced to a simple exponential. However, it

is partial deconvolution in a sense that improves the result

without introducing additional artifacts. Note that the failing

exponential deformation of the profiles constitutes the most

significant part of deformation as the primary ion energy

increases. Moreover, a profile convolved by the true DRF,

then partially deconvolved, is equivalent to the original

profile convolved by the Gaussian and rising exponential

functions.

Figures 5 and 6 (in logarithmic scale) show the recon-

structed and the measured profiles. The reference profile (y1)

(measured at 3.5 keV) is partially deconvolved using eq. (9),

and then the profile (measured at 6.5 keV) is reconstructed
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from the deconvolved reference using eq. (13) (Fig. 5). By

using the same process and from the reference profile (y2)

(measured at 6.5 keV), the profile (y1) (measured at 3.5 keV)

is then reconstructed (Fig. 6).

A good agreement has been obtained between the

reconstructed and measured profiles over most of the profile

depths. The simulation and measured profiles are practically

superimposed. The reconstructed profiles cannot be distin-

guished from the measured profiles.

4. Conclusions

The aim of using deconvolution in SIMS profiles is to

retrieve the shape and to improve depth resolution broad-

ened by the analysis. A more appropriate and flexible

method is the restitution of profiles taking into account the

main mechanisms governing the analysis. These mecha-

nisms are collisional mixing and noise. By using the

proposed algorithm, these phenomena are removed leading

to smooth and accurate results. It is shown that the shape of

all delta layers is partially retrieved in a very satisfactory

manner. The exponential behavior, caused by the collisional

mixing, has been completely removed and the heights of the

delta layers have been corrected. The distance between

peaks and their symmetry have been restored and in-depth

resolution has been improved by a factor close to 2.

Moreover, the proposed algorithm allows the removal of

artifacts and oscillations at the end of the delta peaks, which

are smoothed by denoising. By reconstructing the profiles,

the obtained results are validated and they show good

agreement between the simulation and measured profiles.
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