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Abstract : The impurity concentration is a crucial parameter for semiconductor thin films. Evaluating the impurity distribution
in silicon thin film is another challenge. In this study, we have investigated the doping concentration of boron in silicon thin film
using time of flight secondary ion mass spectrometry in dynamic mode of operation. Boron doped silicon film was grown on i)
p-type silicon wafer and ii) borosilicate glass using hot wire chemical vapor deposition technique for possible applications in
optoelectronic devices. Using well-tuned SIMS measurement recipe, we have detected the boron counts 101~104 along with the
silicon matrix element. The secondary ion beam sputtering area, sputtering duration and mass analyser analysing duration were
used as key variables for the tuning of the recipe. The quantitative analysis of counts to concentration conversion was done fol-
lowing standard relative sensitivity factor. The concentration of boron in silicon was determined 1017~1021 atoms/cm3. The tech-
nique will be useful for evaluating distributions of various dopants (arsenic, phosphorous, bismuth etc.) in silicon thin film
efficiently. 
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Introduction

Secondary ion mass spectrometry is an established

method for identification and quantification of isotopes and

elements on the top surface or below the surface of a solid

sample. Dopant concentrations and their depth distribution

are of major importance for the electrical performance of

semiconductor devices such as transistors and optoelectronic

devices such as sensors, photovoltaic devices etc. Due to the

high detection sensitivity, secondary ion mass spectrometry

(SIMS) is widely used for the determination of impurity

concentration of dopant materials in silicon thin films.1

Since its inception in 1949, the major improvement in

instrumentation came in 1980-2013.2 Depending on the

mass analyser, available types of instrumentation of SIMS

are i) Magnetic sector ii) Quadruple and iii) Time of Flight

(ToF).3,4 The data acquisition of SIMS is performed in two

distinct modes of operation, the static and dynamic modes.

In the static mode, materials from several points of the top

surface of a sample is sputtered. In the dynamic mode,

materials from a single point on the top surface of a sample

is sputtered to produce a crater which provides in-depth

data of elements.5 The mass spectrum is obtained by

rastering the top of the sample surface using a pulsed

primary ion gun followed by sputtering the region using

secondary ion gun.6

The detection, interpretation and identification of the

isotope of interest is crucial as the detector detects a cluster

of different isotopes.7,8 The process becomes further

challenging for thin film devices such as transistors,

sensors and photovoltaic devices, where the distribution of

dopants dictates the performance of the device.9-11 An

established method for the data analysis is to use a reference

sample of known impurity concentration obtained from ion

implantation techniques.12 The availability of the ion

implantation facility and reference samples limits the

characterization process.

In this article, we demonstrate, how by using well-tuned

conditions, the detection of Boron (B) in silicon thin film

can be performed by time of flight secondary ion mass

spectrometry (ToF-SIMS) using dynamic mode of

operation efficiently. In most works using SIMS

measurement, only the final results are tabulated. In this

work, primary ion beam raster area, secondary ion beam

sputtering area, sputtering duration and mass analyser
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analysing duration were used as key variables for well-

tuned recipe are specified. The data acquisition and

interpretation were followed by conversion of counts to

concentration using relative sensitivity factor (RSF)

procedure.

 

Experimental

Sample preparation

Samples used in this work were thin films synthesized

by hot wire chemical vapor deposition (HWCVD)

technique, widely used because of its simplicity of

operation. Initially, thin ~20 nm nucleation layer of

intrinsic silicon was grown on i) p-type silicon (100) single

side polished wafer (89-Boron) and ii) alkali free

borosilicate corning 7059 glass (88-Boron), as substrate, at

400oC with a gas ratio SiH4:H2 = 1:20 for 100 s. Filament

temperature was kept at 1900oC at all stages. After the

nucleation stage, a mixture of silane (SiH4) and hydrogen

(H2) were used as process gas with a ratio of SiH4:H2 =

5:15 for 20 min at 600oC substrate temperature. The

intrinsic silicon film was annealed at this stage under 20

sccm (standard cubic centimetre per minute) of H2 flow for

30 min followed by a H2 soaking, during cooling the

sample from the growth temperature to a lower

temperature of 200oC for another 45 min.13 These poly

crystalline intrinsic silicon films have (220) preferred

crystalline orientation.14 At this stage boron containing gas

(5% diborane in hydrogen) was introduced with a gas ratio

SiH4:5%B2H6:H2 = 1:1:20 for 10 min to grow the

amorphous boron doped layer. The thicknesses of intrinsic

silicon film and boron doped film are 800 nm and 100 nm

respectively, estimated from cross sectional transmission

electron microscopy.15 A boron diffused silicon wafer was

used as reference to validate the data acquisition technique

and comparison of boron concentration of this study to

values shown in other literature.16-18 The reference boron

diffused sample was prepared using standard diffusion

furnace at 1000°C for 20 min on 2 inch diameter p-type

silicon wafer. This diffusion process allowed the boron

atoms to diffuse into the Si wafer to a depth of about

1000 nm.

Depth profile analysis

The total crater depth was measured using Veeco Dektak

150 surface profiler and the data given in Figure 1 and

Table 1. The sputtering rate was obtained from the total

crater depth divided by the total sputtering duration. The

sputtering rate for reference boron diffused silicon wafer is

0.34 nm/s, where the crater depth is 1416 nm as shown in

Figure 1(i) and total sputtering duration is 4120 s. The

sputtering rate for 89-Boron doped intrinsic silicon thin

film using HWCVD is 0.39 nm/s, where the total crater

depth is 1266 nm as shown in Figure 1(ii) and total

sputtering duration is 3260 s. The duration of mass

analyser analysing duration was deducted from the total

time to calculate actual sputtering duration.

TOF-SIMS data acquisition

The detection of secondary ions is carried out using a

mass analyser based on the time of flight principle: ions are

accelerated into a flight tube and measures the exact flight

duration. Thus, ions are separated by the time of flight

analysis from which a mass spectrum is generated.19,20

To measure the secondary ion counts, the PHI nano TOF

II TRIFT was used from Physical Electronics, MN, USA.

In this process, a 10 ns pulsed liquid metal ion gun (LMIG)

uses Gallium sources to produce (Ga+) ions as primary ion

Table 1. Veeco Dektak 150 surface profiler data for the crater depth and the scanning length.

Sample Name Cursor Position
Cursor Width 

(mm)

X-axis position 

(mm)

Crater Length

(mm) 

Y-axis position

(nm)

Crater Depth 

(nm)

Reference boron
Left 0.1668 0.9212

1.2574
111.32

1416.74
Middle 0.2113 1.5499 -1381.18

89-Boron
Left 0.1668 0.2285

1.6328
42.1655

1266.16
Middle 0.2039 1.0449 -1242.14

Figure 1. The surface profile of the total depth of the crater for i) reference boron diffused silicon wafer is 1416 nm and ii) 89-Boron

doped intrinsic silicon thin film using HWCVD is 1266 nm measured using Veeco Dektak 150 surface profiler.
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beam to ionise the surface molecules.21 The beam energy

was kept 30 kV with a beam current of 8×10-9 A and the

raster size 200 × 200 µm2.22 The oxygen ion (O2+) gun was

used as sputtering tool to produce positive secondary ions.23

In this study, the boron isotope (11B) and silicon isotope

(30Si) were detected. The scanning parameters are given in

Table 2. For sample with lower impurity concentration, the

ion counts can be increased by allowing the mass analyser

to analyse for longer duration. The tuning was also

performed on the sputtering area. For thinner sample, a

larger sputtering area was used where, for thicker sample,

a smaller sputtering area allows the sputtering to occur

deeper. The sputtering beam raster area given in the Table

2 was selected by performing the sputtering at different

locations on the sample with the variation of the raster size

range 100 × 100 µm2 to 600 × 600 µm2. 

Results and Discussion

The ToF-SIMS signal is interpreted using relative

sensitivity factor for Boron Counts to concentration

conversion. The concentration of boron (CB) in silicon is

calculated using the following equation 1,

CB = RSFB(Si) × %30Si × ( ) (1)

Here, CB is Concentration of boron in silicon, RSFB(Si) is

relative sensitivity factor of boron in silicon,6 %30Si is

fractional isotope abundance of 30Si in silicon,24 IB(Si) is

intensity of boron isotope (11B) counts and I30Si is intensity

of silicon isotope (30Si) counts with oxygen (O2+) gun

using ToF-SIMS. Table 3 shows the part of data used in the

Boron counts to concentration conversion calculation. The

complete data table is provided with the article as

supporting information.

IB Si( )

I30Si

----------

Table 2. ToF-SIMS scanning parameters for the detection of boron isotope (11B) and silicon isotope (30Si) in silicon thin film using

oxygen ion (O2+) sputtering gun.

Sample Name
Boron thin film 

thickness (nm)

Sputtering beam 

current (A)

Sputtering beam 

Energy (kV)

Sputtering beam 

raster area (µm2)

Sputtering dura-

tion (s)

Mass analyser ana-

lysing duration (s)

Reference boron 1000
8.4×10-7 3

200 × 200
20 60

89-Boron 100 400 × 400

Table 3. Part of data for the conversion of ToF-SIMS data to concentration-depth profile. The complete data set is provided as

supporting information.

Cycle

number

(A)

Sputtering 

Duration (s)

(B)

Total Time 

(s)

(A×B)

Sputtering rate 

(nm/s)

(C)

Crater

depth (nm)

[(A×B)C]

Measured 

Intensity of 11B 

isotope

(counts)

Measured 

Intensity of 30Si 

isotope

(counts)

Boron

concentration

(atoms/cm3)

i) Reference Boron diffused silicon wafer

1 20 20 0.34 6.88 4333 113765 8.26E+19

2 20 40 0.34 13.75 8470 138927 1.32E+20

3 20 60 0.34 20.63 11015 140310 *1.70E+20

ii) 89-Boron doped intrinsic silicon thin film using HWCVD 

1 20 20 0.39 7.77 50365 33616 3.25E+21

2 20 40 0.39 15.53 58367 46138 2.75E+21

3 20 60 0.39 23.30 56577 47072 2.61E+21

*Using equation-1, CB = 7×1022
×0.031×( ) = 1.720×1020 atoms/cm311015

140310
------------------

Figure 2. Boron concentration – depth curve of Reference boron

diffused silicon wafer
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Table 3 is used to plot Boron concentration versus crater

depth curve for i) Reference Boron and ii) 89-Boron as

shown in Figure 2 and 3 respectively. Figure 2 shows the

concentration of boron, diffused in p-type silicon wafer for

Reference Boron sample. The concentration at the top

surface of the wafer is 2×1020 atoms/cm3 which decreases

with the depth. Figure 3 shows the concentration of boron

in intrinsic silicon thin film grown using HWCVD. The

concentration is 3.25×1021 atoms/cm3 at the top amorphous

layer. This remain uniform over the top 150 nm and then

starts to decrease as it reaches the lower intrinsic silicon

thin film. This shows that the intrinsic silicon film also gets

diffused by boron atoms. This may happen due to the

reason that the out-diffusion of boron atoms from the wafer

at high (600oC substrate and 1900oC filament) process

temperature contaminated the intrinsic silicon film.25-27 The

Boron concentration in the reference boron diffused silicon

wafer shown in Figure 2 is 1×1020 atoms/cm3 at 400 nm

which is in close agreement with the data found in other

measurements.28-30 At room temperature the boron

concentration in 200 µm silicon wafer published in other

literature was found 7×1020 atoms/cm3 using hot probe

method.31

Conclusions

The concentration of boron in silicon thin film was

measured using versatile ToF-SIMS technique. Relative

sensitivity factor was used to interpret the ToF-SIMS data

of boron isotope and silicon matrix element. The boron in

silicon detected on the top surface of amorphous boron

doped silicon thin film was 3.25×1021 atoms/cm3 where

1×1018 atoms/cm3 was detected at one-micron depth. The

tuning of i) sputtering area to the thickness of thin film and

ii) mass analyser analysing duration to the boron counts,

provides an efficient route for the detection of dopants in

the silicon thin film. The results of this study will be useful

for the detection and quantification of impurities in wide

area of thin films using complex ToF-SIMS technique.
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Figure 3. Boron concentration – depth curve of 89-Boron doped

intrinsic silicon thin film using HWCVD.
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