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Abstract

The nanometer-range depth resolution of secondary ion mass spectrometry (SIMS) profiles in diamond
was achieved by the determination of the depth resolution function (DRF). The measurement of this
DRF was performed thanks to isotopic-enriched diamond delta structures composed of **C and *3C.
The artificial SIMS broadening observed on the **C depth profiles of buried doped diamond epilayers
was eliminated and replaced by a boxlike *3C depth profile. Applied to boron delta-doped diamond
structures, this analysis has resolved edge widths close to 0.3 nm/dec, as compared with 1.5 nm/decade

on the raw SIMS data.
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Diamond has several excellent characteristics, superior to those of other semiconductors, e.g., Si
and SiC. The high breakdown voltage and high temperature operation of diamond have strongly
motivated research aiming at the development of next-generation high-power devices.” More in line
with the optical properties that have given diamond its value as a jewel, modern diamond research is
also focused on photonics and spintronics related to colour centers, e.g., NV centers in diamond.*®
Both types of application require the availability of very thin doped layers (boron or nitrogen-doped) in
the range of nanometer thickness, the so-called “delta structures”,*® as well as the possibility to
characterize such ultrathin epilayers.

Secondary ion mass spectrometry (SIMS) is commonly used to obtain depth profiles of dopant
concentrations in diamond and other semiconductors. This technique uses a bombardment by energetic
ions (usually Cs* or O,") to sputter and simultaneously mass-select recoiled secondary ions. The depth
resolution of the depth concentration profile is mainly limited by primary ion masses, by incident and
detected ion kinetic energies, by the incidence and collection angles, and by the roughness of the
sample. Indeed, a SIMS-induced ion mixing is particularly visible when two adjacent layers, in the
same sample, have a large and abrupt difference in doping level or in chemical composition. Below 100
nm in thickness, this effect is no longer negligible; it strongly affects the depth profile measurements
by broadening, so that the raw SIMS profile (Psims) differs from the dopant profile (Ppopant), Up to the
point where the thickness values and atom peak concentrations in multilayer stacks become erroneous.

Technically, during a SIMS analysis, the experimental depth profile (Psims) is the convolution of
the dopant depth profile (Ppopant) and of the depth resolution function (DRF).® Evaluation of this DRF
(which depends on the probed atom) is a key issue in nanometer-range secondary ion mass
spectrometry and a crucial step toward the prediction of artefacts affecting measured SIMS depth
profiles. Deconvolution analysis using such a DRF provides accurate measurements on steep dopant
depth profiles over many orders of magnitude in concentration. In the context of delta doping, the large

dynamical doping range is a key advantage of SIMS when compared with other nanometric chemical
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profiling methods such as elastic recoil detection (ERD) ”, atom probe tomography ® or transmission

9, 10)

electron microcopy-related techniques, or to more “indirect” probes such as magneto-transport

measurements.*?

Previous SIMS data processing schemes, especially in the case of diamond boron doping, have
been based on 4-points smoothing techniques,” but do not deal with ion mixing directly, although this
physical process is known to be responsible of the specific exponential shape of the trailing edges in
impurity profiles where a sharp drop of the impurity concentration with depth is expected. To estimate
quantitatively the influence of ion mixing occurring in the diamond during the SIMS analysis (for a
given crystalline orientation and surface roughness), local isotopic substitution (or “isotopically pure
growth) must be employed, similar to the case of silicon (Si /*Si).? Isotope substitution is the ideal
control experiment to extract the best DRF fit, because it introduces only a negligible difference in
mass (same recoiling effect) and no additional crystalline strain (same lattice parameter). In diamond,
carbon is found with two stable isotopes: **C and **C, and isotopically modulated epitaxial multilayers
have been grown.'® Once the DRF expression is known for carbon in diamond, from an isotopic delta-
substituted structure, we can apply this function to determine the deconvoluted dopant depth profile for
both nitrogen and boron, with a negligible error, because of the small difference in mass among boron,
carbon, and nitrogen. Putting aside the influence of ionization ratios, this is similar to the case of
phosphorus in silicon, while the situation of boron-doped silicon would resemble that of phosphorous-
doped diamond, where the depth profiles can be deconvoluted using the DRF of carbon with a possible

4 and ionization ratio

correction factor taking into account the effects induced by the mass difference
difference.
However, recording an accurate DRF is difficult since it requires an extremely thin substituted

layer in order to reproduce a delta function (ideally one monolayer containing a change in the atomic

composition). The fabrication of such a delta structure containing an ultrathin substitutional embedded
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layer requires strict conditions such as a flat surface, no chemical diffusion in the matter, and a
crystalline substrate. Diamond epitaxial multilayer stacks fulfill these requirements.

According to experiments in silicon,*

the SIMS depth profile corresponding to an isotopic delta-
doped layer is not a sharp rectangular-shaped profile, but an arrangement of a Gaussian-like rounded
top with exponentials rising and trailing edges. In this study, we use an analytical expression of the
DRF proposed by Dowsett et al.,*¥ which results in the convolution of a double exponential, governed

by Aup and Agown parameters, with a Gaussian function, where o is related to the full width at half

maximum, as follows:

_ 1 z-79 , 0° 1. (7)o ~(z-2)
DRF(z) = PRI X {exp (lup + Zlﬁp) X [1 + N erf( - Aup)] + exp ( I +

) x 1+ et (22 ) @),

down

A fourth parameter z; represents the position of the cusp of the double exponential.

Mathematically, the DRF can be plotted as a depth profile after being convoluted with a Dirac
delta function localized at z, which has no thickness and a maximal top value [see Fig. 1(a)]. SIMS
analysis is usually performed from the sample surface to the substrate, and the ion mixing (forward
scattering of atoms) is then effective from the left to the right on the plot, explaining the profile
asymmetry visible in the Figs. 1-3 as well as in our previous measurements.” Consequently, the “rising”
interface (located above the delta layer) will always show a sharper edge on the original SIMS profile
compared with the broad “falling” tail located below the layer (Aup < Adown).

A delta-doped layer has a finite thickness, in contrast to the Dirac delta function, which is a
mathematical object. As shown in Fig. 1(b), the convolution of the DRF by a boxlike rectangular signal,
featuring a constant atomic concentration and a finite thickness, is expected to describe a real and
material delta-doping, and differs in its depth profile from the Dirac delta-function response. The SIMS
response to a thin layer with sharp interfaces will appear wider, with smoother interfaces and a lower

peak concentration.
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Isotope-enriched methane (*2C: 99.99% + **C: 100 ppm) was used to grow the buffer and the cap
diamond layers, while standard methane (*2C: 98.9 % + *3C: 1.1%) was used to grow the delta layer in
diamond. In order to minimize surface roughness effects, a particularly flat sample was selected. The
surface was ultra-polished in Japan by Syntek Co., Ltd.; the resulting surface RMS roughness, checked
using a 3D optical profiler, was below 0.3 nm before overgrowth. In this study, 0.5 um of intrinsic
buffer diamond was grown at the National Institute for Materials Sciences, NIMS (Tsukuba, Japan) in a
high-plasma-density NIMS-type reactor with the C-enriched methane * in order to maintain a good
crystalline quality and a flat surface. Then, a heavy boron-doped layer was grown at Institut Néel
(Grenoble, France) in a modified NIRIM-type reactor designed for delta-doping diamond growth, from
normal CH, abundance (**C: 98.9 %) with 0.5% (CH4/H,) and 6000 ppm (B/C)gas for 3 mins.*” Please
note that in the gas phase, the concentration of *3C was only about twice that of boron. Finally, the top
layer, i.e., cap layer, was grown at NIMS with isotopic-enriched methane to overgrow 50 nm of
intrinsic diamond. The surface RMS roughness was close to 1 nm after the growth of the whole stack.
No particular etching-back process including either oxygen or hydrogen was applied.” Thus, we report
on a delta layer structure composed of isotopic carbon (**C) and boron.

The synchronized boron and isotopic carbon diamond delta structure has been analyzed with a
Cameca IMS 4f apparatus with 14.5 keV Cs" primary ions in GEMaC, by collecting the negative
secondary ions. *C and B depth profiles exhibit a similar behavior (Figs. 2 and 3), the boron
incorporation following that of *C from methane, as expected. This observation illustrates the
similarity in the fast kinetics of carbon and boron incorporation during growth.

The SIMS depth profile of *C intensity was fitted first (see Fig. 2) by the convolution of the
depth resolution analytical function, eq. (1), and self-consistently with a rectangular function, already
described in Fig. 1(b). The set of parameters used to create the DRF is shown in Table I, where ¢

represents the substituted structure thickness, i.e., the width of the rectangular function.
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These values were in good agreement with physical parameters. Indeed, the ion mixing simulated
by ion recoil of carbon atoms induced by the Cs* primary ion beam in a Monte Carlo method

algorithm®”

was in the 3 nm range. This value was similar to the broad trailing edge (L¢own). In addition,
the rising exponential component (4,p) of the DRF, which was around 1 nm, was compatible with the
observed backscattering. The 50 nm thickness of the cap layer agreed with the position of the cusp (zo)
in the double-exponential component of the DRF. The thickness of the delta layer measured using **C
was compatible with the growth rate resulting from the homoepitaxy conditions, which was around 4.5
nm-min™. The difference between the rectangular profile and the C SIMS depth profile as
deconvoluted using this DRF was of the same order as the noise level and justified the use of a box-like
rectangular function.

Fig. 3 shows the SIMS boron concentration profile (P.11B) along with the estimated position of the

SIMS

delta layer deduced from the fit of the **C DRF. This P11Bdata was fitted by the convolution of the **C
DRF and of a trapezoid function instead of a rectangular function, in order to take into account a
possible mismatch. The nominal concentration of the estimated real dopant depth profile was
determined from the integral under the SIMS boron concentration depth profile. For this operation, the
parameters of the **C DRF were not modified. The reduction of the error between the fitting curve and
the data was carried out by varying the trapezoid shape, i.e., by the optimization of rising and falling
edge widths; the nominal concentration was supposed to be constant. Finally, the dopant boron
concentration depth profile (Pqu}a'ft) was deduced from the trapezoid function modulated by the Gaussian
filtered noise resulting in the error fit and an offset of 2-10'" at-cm™. Such a tentative deconvolution
was made on finite elements, which depend on the spacing of the depth points recorded by SIMS. This
procedure consequently introduces some errors, especially visible when the noise level is high. In this

experiment, the SIMS energy was too high and the sputtering too fast to obtain a resolution good

enough for precisely fitting the edge of the delta layer. However, after this DRF treatment, the boron
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profile was found to be 5 to 7 times sharper than before; the initially measured 1.5 nm/dec rising edge
became 0.3 nm/dec after fitting. This fitting gave the possibility of detecting a depth shift between the
concentration profiles of carbon and boron atoms (see Fig. 3). This could be coming from the late
boron incorporation (an 1.6 nm-thick edge shift corresponds to a delay of 20 s for the gas mixture to
reach the nominal boron concentration on the diamond-growing surface) at the beginning of the boron-
delta layer growth, and from the residual boron contamination during the intrinsic cap-layer overgrowth.

In summary, we succeeded in extracting the depth resolution function (DRF) from a
synchronized B and **C diamond delta structure. By DRF deconvolution treatments, the broadening
induced by ion mixing has been reduced; the SIMS resolution has been improved and reached the
nanometer range. This allows a more reliable characterization by SIMS of nanometer-thin diamond-
embedded layers, containing specific doping (boron, nitrogen, or phosphorus), over many orders of
magnitude in concentration. For these reasons, the isotopic diamond delta structure is a powerful

calibration tool for SIMS.
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Caption Fig. 1.

Simulations of SIMS depth profiles corresponding to (a) a Dirac delta function (pink vertical line
localized at 47 nm below the surface) with the corresponding DRF (yellow filled black line) and (b) a
14 nm-thick layer (pink filled box) with the corresponding DRF convolution (construction elements

symbolized by the yellow pattern). On such profiles, the surface lies on the left at “0” depth.

Caption Fig. 2.
Depth profiles for *C concentrations in the diamond delta structure, plotted in linear (left) and semilog
(right) scales. The SIMS intensity depth profile (P13¢) is represented by purple dots; the dashed black

SIMS

line follows the corresponding fit by the convolution of the DRF, and square input signal. The DRF is

plotted as a solid blue line and the *C dopant profile (P13¢) corresponding to the deconvolution of P3¢

Dopant SIMS

by the DRF is plotted in orange.

Caption Fig. 3.
Depth profiles related to *'B in the diamond delta structure plotted in linear (left) and semilog scales.

Light green and black dots follow the SIMS boron concentration profile (P11B) and the deconvoluted

SIMS

boron dopant profile (P!1B) respectively. The orange box indicates the position of the delta layer based

Dopant

on the **C dopant profile.
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Table 1. Parameters of the DRF used in the fitting process. Cs* primary ions were used at 14.5 keV,

and the incidence angle was 27° in a Cameca IMS 4f.

/1up Adown o 7y 0
(nm) (nm) (nm) (nm) (nm)
0.9 3.0 0.6 47 14
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