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The measuring of the depth profile and electrical activity of implantation impurity in the top nanometer range of silicon
encounters various difficulties and limitations, though it is known to be critical in fabrication of silicon complementary
metal-oxide—semiconductor (CMOS) devices. In the present work, SRIM program and photocarrier radiometry (PCR)
are employed to monitor the boron implantation in industrial-grade silicon in an ultra-low implantation energy range from
0.5 keV to 5 keV. The differential PCR technique, which is improved by greatly shortening the measurement time through
the simplification of reference sample, is used to investigate the effects of implantation energy on the frequency behavior
of the PCR signal for ultra-shallow junction. The transport parameters and thickness of shallow junction, extracted via
multi-parameter fitting the dependence of differential PCR signal on modulation frequency to the corresponding theoretical
model, well explain the energy dependence of PCR signal and further quantitatively characterize the recovery degree of
structure damage induced by ion implantation and the electrical activation degree of impurities. The monitoring of nm-
level thickness and electronic properties exhibits high sensitivity and apparent monotonicity over the industrially relevant
implantation energy range. The depth profiles of implantation boron in silicon with the typical electrical damage threshold
(Ygp) of 5.3x10' cm™3 are evaluated by the SRIM program, and the determined thickness values are consistent well with
those extracted by the differential PCR. It is demonstrated that the SRIM and the PCR are both effective tools to characterize
ultra-low energy ion implantation in silicon.

Keywords: ultra-low energy ion implantation, differential nonlinear photocarrier radiometry, junction depth,

electronic transport parameters
PACS: 81.70.Fy, 68.55.Ln, 73.50.Gr, 78.56.Cd

1. Introduction

As the fabrication of silicon CMOS devices develops to-
ward the nanotechnology, the ultra-shallow source/drain (S/D)
junction acting as an essential part of silicon CMOS devices
is required to meet the requirements, specifically specking,
abruptly steep doping profile and highly active doping con-
centration, further, both of which are confined within the
top nanometers of substrate.l'?] The processing and char-
acterization of shallow junctions consequently face extreme
challenges.>* The technological process, usually adopted
such a treatment as combining ultra-low energy ion implan-
tation with rapid-thermal annealing treatment to achieve a
well reliable reproducibility and the good control of implanted
atoms, dosage and spatial distributions, is extensively used to
form shallow junctions of ultra-shallow source/drain junctions
(USJ) wafers.>~71 The ion implantation with the precise con-
trol of junction depth and doping concentration is closely re-
lated to the scaling of source/drain (S/D) junctions.!! Scaled
junction processing should simultaneously accomplish two
objectives: limiting the diffusion of impurities to maintain the
thermal budget, and substantially activating the implantation
atoms. For the boron implanted ultra-shallow junctions stud-
ied in this paper, it means that the group III acceptor B atoms
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should be placed on the lattice or substitution site in silicon
target. The measurement techniques of electronic properties of
ultra-shallow junctions continuously develop to keep up with
the scaling of devices. The shallow junction characteristics
depend strongly on implantation conditions such as species,
energy, dose, and temperature, and the relevant ultra-low en-
ergy implantation techniques and processing conditions. %17
In the meantime, shallow junction characteristics also depend
strongly on thermal annealing techniques.!'!! The distribution
of depth at which the ions eventually reside in silicon, the lat-
tice damage induced by the ions and high energy recoils, and
the relocation of doping atoms by diffusion during thermal an-
nealing are all essential quantities in junction processing./1%13]
It is necessary to quantitatively analyze the formation and dis-
solution of defects in shallow junctions by analyzing the depth
distribution of implanted atoms in silicon and the electronic
parameters characterizing the electrical activity. Therefore,
the real-time monitoring and precise controlling of process-
ing parameters and the accurate evaluating the recrystalliza-
tion and impurity activation are critical to the achievement of
the device miniaturization and the control of demanded dam-
age well during the ultra-shallow junction processing.!'*! The

real-time inspection analysis is one of the key steps for deter-
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mining the final quality and structure of USJ during process-
ing.

In this paper, the differential nonlinear photocarrier ra-
diometry (PCR) measurement is performed to investigate and
characterize the electrical activity and junction depth for dif-
ferent ultra-low-energy ion implantations in silicon. Ex-
perimentally, four USJ samples with implantation energy of
0.5 keV, 1 keV, 2.5 keV, and 5 keV and one reference sam-
ple are measured by using PCR frequency scan (dependences
of PCR amplitude and phase on modulation frequency) under
405-nm excitation at 44.5 mW. The raw PCR signal measured
from the reference sample is utilized to normalize that from the
implanted surface of the USJ wafers to obtain the differential
amplitude and phase data which eliminate the instrumental fre-
quency response (IFR) completely. The parameters of shallow
junction are extracted via a multi-parameter estimation pro-
cedure. The correlation between differential PCR signal and
implantation energy is explained by the effect of the implan-
tation energy on the electronic properties and junction thick-
ness of USJ wafers in detail. In addition, the depth profiles of
boron atoms in silicon substrate under four different ultra-low
implantation energy values are calculated by the SRIM pro-
gram, and thus the thickness values of shallow junction with
an electrical damage threshold (Ygp) of 5.3 % 1015 cm™3 are
determined. The junction depth values determined by the two
techniques are analyzed and discussed for the USJ wafers.

2. Material and experiment
2.1. Material process and SRIM measurement

Four USJ wafers under test are selected from a batch of
100-oriented N-type c-Si samples, are implanted with boron
ion under ultra-low energy. Compared with the heavy ions, the
implanted boron ions transfer less energy to the target atoms
and have a large scattering angle, thereby contributing to a
small number of displaced atoms in silicon target. The move-
ment direction of boron ions changes greatly, and the shal-
low layer has a large-damaged region with the serrated shape
and the high non-overlapping damage density. A subsequent
thermal annealing treatment for 1 s at a peak temperature of
1050 °C is absolutely necessary to highly activate the dopants
into effective electronic impurities and eliminate most of the
surface lattice damages caused by low-energy ion implanta-
tion in silicon wafer, implying that the lifetime and mobility
of minority carriers of shallow junction are recovered and its
optical properties in visible and near infrared ranges are close
to those of the crystalline silicon.[*! The implanted surfaces
are all chemo-mechanically polished. The specimen process-
ing conditions are summarized in Table 1. In addition, a non-
implanted and non-annealed (NINA) wafer are also prepared
to be used as the reference sample for the differential measure-

ment.

Table 1. Processing parameters of USJ wafers under test.

Substrates Thickness (pm) Ion Dose (cm™?2) Energy (keV) Annealing (°C) L; (nm)
N type (100) 735410 B 1x10% 5 1050 74.5
2 Q-cm-5 Q-cm 2.5 65.3
1 49.9
0.5 32.8

The stoppings and ranges of implanted impurities in sil-
icon wafers with the different processing parameters such as
implantation species, implantation energy, efc. are deter-
mined by a comprehensive SRIM program based on the Monte
Carlo method resulting from its reliability and wide accep-
tance as an industry standard in modeling the ion trajecto-

(15-17] We carefully study the ion-implantation-

ries in solid.
induced shallow region on the upper surface of silicon wafer
at different ultra-low implantation energy values. The typi-
cal impurity depth profile as shown in Fig. 1 highlights the
boron atom density along the depth direction in silicon sub-
strate. There is a notable feature for the ion depth profiles of
the heavily doped silicon wafers with the fixed implantation
dose: the bombarded BT atoms gradually penetrate into the
silicon target, contributing to the ion depth profile expansion
and reducing its peak with the implantation energy increas-
ing. The peaks of depth profiles are located at 5.6 nm, 7.7 nm,
13.6 nm, and 23.1 nm for the implantation energies of 0.5 keV,

1 keV, 2.5 keV, and 5 keV, respectively.
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Fig. 1. Typical ion depth profiles of boron-implanted USJ wafer at ultra-low
implantation energy ranging from 0.5 keV to 5 keV.

The B* atom concentration distributions with various im-
plantation energy values are derived by multiplying the depth

profile shown in Fig. 1 by the implantation dose 1x10'3 cm™2
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and are shown in Fig. 2. The basic definition of electrical dam-
age threshold (Ygp) is used to significantly simplify the corre-
sponding correlation between the degree of lattice damage of
the implanted layer in silicon and its electrical properties by
avoiding the use of the complicated theoretical model.!'3! The
implanted layer is generally composed of the region traversed
by the implanted atoms and the region in which the atoms
eventually reside, and its thickness is generally defined as the
distance between the wafer surface and the internal intersec-
tion between the electrical damage threshold and the impurity
concentration depth profile due to the much higher sensitivity
of electronic properties to the activation degree of implanted
atoms and crystalline damage as the much higher sensitivity
of electronic properties to the activation degree of implanted
atoms and crystalline damage.!!>?°! According to the calcu-
lated electrical damage threshold (Ygp) of the boron-implanted
silicon wafer with a Ygp of 5.3x105 cm™3,21.22] the deter-
mined thickness values of the shallow junction are listed in
Table 1. The results indicate that the lower the implantation
energy, the shallower the formed junction is.

21 T T T T
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——2.5 keV E
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Fig. 2. Depth-dependent implanted boron concentrations with four different
implantation values at high implantation dose of 1x10'5 cm~2.

2.2. Differential nonlinear PCR measurements

Room-temperature frequency-scanning measurements
are conducted with a PCR measurement system. Wafers are
excited via a 405-nm semiconductor laser with an output
power of around 45 mW monitored by a power meter. The
laser is periodically modulated by a function generator and
then focuses onto the sample surface by a focusing lens. The
small focus spot is employed due to the power output lim-
itation of laser to obtain the PCR signal with enough high
signal-to-noise ratio (SNR). The radius of beam tightly fo-
cused onto the sample surface, measured by a knife-edge ap-
proach, is approximately 35 um. The periodic PCR signals
are collected through a pair of off-axis paraboloidal mirrors
and detected by an InGaAs photodetector whose spectral range
of response spans from 700 nm to 1800 nm and the effective
detection radius is approximately 55 pwm, and then are demod-
ulated by a lock-in amplifier and thus the resulting amplitude

and phase data are outputted. The absorption coefficient of
the crystalline silicon (c-Si) at 405-nm wavelength is set to
be 1.02x10” m~!, and the corresponding optical penetration
depth is approximately 0.098 um.!?*! To investigate the effect
of implantation energy on electronic properties and junction
depth of USJ wafers, we perform the PCR frequency-scanning
measurements for four different USJ wafers. An NINA wafer
is used as the reference sample for the differential measure-
ment.

When the silicon wafers with different processing param-
eters (implantation dose, implantation energy, annealing tem-

perature, efc.) are investigated, 42!

it is conventionally as-
sumed that the transport properties of the substrate layer of all
implanted samples are the same as those of the reference sam-
ple from the same batch. In this work, the transport parameters
of the substrate layers are obtained by fitting the frequency-
dependent PCR amplitude and phase measured from the ref-
erence sample to a single-layer nonlinear PCR model, and the
corresponding fitted values of the carrier lifetime 7 and the
carrier diffusion coefficient D are 589.3 ps and 16.5 cm?/s,
respectively. The scaling of the electrical properties and thick-
ness value of the shallow junction in silicon is based on their
correlation to the activation degree of implanted atoms and
damage to the lattice in the ion implantation and thermally
annealing process. In the fitting process, the electronic trans-
port parameters of the boron-implanted shallow junction, i.e.,
the minority carrier lifetime 7, the carrier diffusion coefficient
Dy, and the front surface recombination velocity s; as well
as the thickness L; of the shallow junction are set to be free
variables. In addition, the rear surface recombination veloc-
ity s, is assumed to be 100 m/s.!?®! Considering the influence
of vignetting and defocusing, the effective detection radius of
photodetector obtained by fitting the PCR data of the refer-
ence sample to the corresponding theoretical mode is used in-
stead of the real radius (500 um) which is much larger than
the former. [?7]

3. Results and discussion

The experimental differential PCR amplitude and phase
data as well as the corresponding theoretical best fits are il-
lustrated in Fig. 3 for all four boron-implanted USJ wafers.
Good agreement between the experimental results and theoret-
ical curves is obtained. As the implantation energy increases,
the implantation damage is gradually aggravated and thus it is
more difficult to recover in the annealing process. The thicker
implantation layer and the higher electrical defect concentra-
tion hinder the radiation recombination and thus enhance the
non-radiation recombination pathway. Therefore, the PCR
amplitude and phase lag both decrease monotonically with the
implantation energy increasing. This is mainly due to that the
wider damage region with the implantation energy gives rise
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to the increase of its relative contribution weight in the total
photogeneration unit.
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Fig. 3. Modulation frequency-dependent differential PCR amplitudes (a)
and phases (b) at 405-nm excitation for four boron-implanted USJ wafers
with different implantation energy values, with NINA wafer acting as a ref-
erence sample, and symbols and solid lines representing experimental data
and the corresponding best fits, respectively.

Figure 3 shows that the frequency behavior of the differ-
ential PCR signal can be broken into three regions in the entire
energy range studied. The differential amplitudes are approx-
imately 1 at the low frequency end that exhibits independent
behavior of the modulation frequency as shown in Fig. 3(a).
As the frequency increases to higher than 1 kHz, the ampli-
tude values decrease rapidly and come to minimum values at
a frequency range of ca. 60 kHz—110 kHz, and then start to
increase at higher frequencies. Similarly, the phase lags are

approximately 0 at lower modulated frequencies and start to
increase slightly at intermediate frequency end. However, the
modulation frequency is higher than about 10 kHz, the op-
posite monotonic behavior of phase lag appears. From this
figure, it is evident that as the implantation energy increases,
the position corresponding with the minimum amplitude value
moves toward the low frequencies.

It is noted from Fig. 3 that the energy dependence of PCR
signal exhibits an obvious monotonic characteristic within the
medium and high frequency range. This is a result of the larger
carrier-wave contribution weight generated in shallow junction
in the overall PCR signal due to the shorter carrier-wave dif-
fusion length at higher frequency. Experimentally it is found
that, with thought for both PCR phase and amplitude, the most
sensitive frequency range derived from these figures is about
10 kHz-220 kHz.

As is well known that the structural, electronic, and opti-
cal properties of the surface and sub-surface regions for silicon
wafers are greatly affected by the ion implantation and thermal
annealing processing. The effect of energy on PCR amplitude
and phase lag can be explained through the electronic transport
characteristics and depth value of the shallow junction vary-
ing monotonically with the implantation energy. The differ-
ential nonlinear PCR model is utilized in the multi-parameter
fitting. In Table 3 are summarized the best-fitted results and
mean square variances extracted from the best-fitting proce-
dures presented in Fig. 3. The electronic parameters related to
the carrier density wave such as minority carrier lifetime 7,
carrier diffusion coefficient D of the boron-implanted shal-
low junctions with four different implantation energy values
are much lower than those of the substrate wafers. In addition,
it is observed that the minority carrier lifetime 7| and carrier
diffusion coefficient D; are significantly sensitive to the de-
gree of electrical activation of implanted atoms and damage to
the lattice structure, and exhibit a monotonic variation with the

implantation energy.

Table 2. Determined electronic properties and thickness values for four different USJ wafers obtained by the differential nonlinear

PCR technique.

Number Energy (keV) 71 (ns) D; (cm?/s) s1 (m/s) L; (nm) Variance (10~%)
#1 5 20.7 6.73x1072 100.5 68.9 9.41
#2 2.5 18.5 5.8x1072 57.5 67.4 3.59
#3 1 13.9 4.4x1072 23.1 47.6 3.47
#4 0.5 10.8 4.03x1072 19.2 313 6.80

Figure 4 presents the determined electronic parameters
and thickness of the shallow junction in silicon as a function
of the implantation energy under the NINA reference sample.
The determined results clearly show that electronic parame-
ters 71, D1, s1, and the thickness L; of the shallow junction

in silicon increase monotonically with the implantation en-

ergy increasing. For a given high implantation dose, the de-
creasing of the minority carrier lifetime 7; with the increas-
ing of impurity density is due to the fact that the depth profile
of implanted atoms becomes narrower and its peak value in-
creases with the implantation energy decreasing.?%2°! Simul-

taneously, the higher impurity density within the shallow junc-
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tion increases the probability of carrier scattering, contributing
to the decrease of carrier diffusion coefficient D. No firm ex-
planation has been put forward for the increase of s; with the
implantation energy in the literature. One explanation is that
the built-in electrical field generated near the junction depth
after the ion implantation and thermal annealing process limits
the diffusion behavior of excess carrier to the material surface,
and thus reducing the surface recombination velocity ;.13
The alternative explanation is that the dislocation loops gener-
ated around the junction depth after the ion implantation and
thermal annealing process confine the excess carrier spatially
through the local strain field and then lower the non-radiation
recombination of carriers on the sample surface, thereby re-

sulting in the decrease of s;.[31733]
7
20F (a) (b)
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Fig. 4. Curves of extracted electronic transport parameters and thickness of
boron-implanted layer versus implantation energy, respectively, showing (a)
minority carrier lifetime 7, versus energy, (b) carrier diffusion coefficient
D versus energy, (c) front surface recombination velocity s| versus energy,
and (d) thickness of boron-implanted layer L versus energy.

It is intriguing to notice that the thickness (L;) values
of the shallow junctions in silicon determined by PCR tech-
nique at the different implantation energy values are gener-
ally in agreement with those calculated by SRIM program un-
der the electrical damage threshold Ygp = 5.3 x 10 em—3.
Smaller deviations are probably attributed to the fact that the
SRIM simulation may not completely reflect the complexity
of lattice structure for the boron-implanted and annealing USJ
wafers under test. The above results show that the PCR tech-
niques can not only accurately determine the junction depth
values which are equivalent to those calculated by SRIM pro-
gram, but also quantitatively characterize the performance of
ultra-shallow junction wafers by extracting the electronic pa-
rameters of the implanted layer.

A number of studies have been devoted to the character-
izing of USJ wafers with various processing parameters in the
past few years.!*?] Huang and Ren!*! have employed the en-
ergy dependence of PCR signal at single frequency in com-
bination with infrared spectroscopic ellipsometry (IRSE) data

to investigate the junction depth and monitor the implantation
energy for USJ wafers, and extracted the electronic properties
of shallow junction to explain the dependence of PCR signal
on energy. The corresponding theoretical model of PCR mea-
surement is based on the linear proportion between the lumi-
nescence intensity and photogenerated carrier density. While
the existing nonlinearity issue of PCR technique may affect the
consistency between the above theory reliability and experi-
mental measurement, the subsequent theoretical perfection is

34351 In addition, only PCR amplitude data are

indispensable. !
used in the fitting process.

To solve the above problems, the n—p product model, ¢!
which predicts that the band-to-band photoluminescence in-
tensity is proportional to the product of the majority and mi-
nority carrier densities, is introduced to improve the model of
USJ wafers in the PCR measurement. This work puts em-
phasis on the differential PCR measurements of shallow junc-
tion in the frequency domain to identify the most sensitive fre-
quency range of PCR signal to energy, and thus achieving the
optimal monitoring of energy. The frequency-dependent PCR
amplitude and phase are fitted simultaneously to the differen-
tial nonlinear theoretical model in the multiparameter fitting,
which is expected to obtain more accurate electronic infor-
mation from silicon wafers. The lower implantation energy
results in a higher impurity density within the shallow junc-
tion under the fixed high implantation dose, which gives rise
to the monotonic decreasing of the electronic properties in-
volving transport parameters and depth of junction with the
decreasing of energy as presented in Fig. 4. This monotonic
trend of determined parameters well explains the behavior of
PCR signal varying with energy, mapping the recovery behav-
ior of structure damage induced by ion implantation and the
electrical activation behavior of dopant boron.

In addition, the SRIM program is used to calculate the
depth profiles of the implanted impurity in order to investigate
the dependence of junction depth on implantation energy and
the contribution of shallow junction to the total signal, thereby
validating the results determined by the differential PCR tech-
nique. The above results show that the nonlinear PCR theory is
applicable not only to explaining accurately the effects of im-
plantation energy on the frequency behavior of the PCR signal
but also to more fully extracting the electrical parameters and
junction depth.

4. Conclusion and perspectives

Experimental measurements have demonstrated that
SRIM and PCR are sensitive techniques for characterizing
the ultra-lowenergy ion implantation in silicon. The monitor-
ing of nm-level thickness and electronic properties of ultra-
shallow junctions exhibits apparent monotonicity over the in-
dustrially relevant energy range. The determined parameters
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well explain the dependence of PCR signal on implantation
energy and further quantitatively characterize the recovery de-
grees of structure damage induced by ion implantation and the
electrical activation degree of impurities. The depth profiles
and depth values with an electrical damage threshold (Ygp) of
5.3x10" cm™3 are also calculated by the SRIM simultane-
ously, and the determined thickness values fit well with those
extracted by the differential PCR. The effectiveness of the ex-
perimental differential PCR technique and the corresponding
theoretical model is not limited to the accurate characteriza-
tion of the junction depth dependence on implantation energy
nor to the evaluation of the effect of energy on its electrical ac-
tivity involving the excess carrier diffusion, recombination be-
havior, and the nonlinear correlation between excitation power
and PCR signals. In conclusion, the differential nonlinear PCR
technique, which is improved by greatly shortening the mea-
surement time through the simplification of reference sample,
reflects the complexity of implantation silicon to be more re-
alistic than the SRIM. It offers a potential application prospect
for the near-line and in-line control and evaluation of the in-
dustrial semiconductor processes in the design and fabrication
of silicon-based USJ devices.
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