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A combined frequency-swept and quasi-time-domain photocarrier radiometry (PCR) technique was developed to
characterize thermally annealed silicon wafers with B+, P+, and As+ ion implantation at doses ranging from 1×1011 cm−2

to 1× 1016 cm−2. The implantation dose dependence of the PCR amplitude, the frequency dependencies of the PCR
amplitude and phase, as well as the quasi-time-domain PCR waveforms were simultaneously employed to analyze all the
ion-implanted silicon samples. The dependence of the effective lifetime on the implantation dose has been investigated and
shown to be related to the trap density and the lifetime extracted from the transient PCR signals.
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1. Introduction

In the past, significant efforts have been devoted to the
development of light emitters based on silicon (Si) wafers. Ng
et al.[1] reported the efficient light emission in Si at room tem-
perature via dislocation engineering, employing ion implan-
tation, and subsequent thermal annealing. In recent years, a
lot of studies[2–5] have been carried out to explore the disloca-
tion loop dependence of the ion implantation process. Mean-
while, ion implantation became essential in microelectronic
device fabrication to modify the electrical properties. The de-
velopment of non-destructive and non-contact characterization
techniques to better understand the evolution of the damage
caused by ion implantation and thermal annealing and to mon-
itor these processes is highly desirable.

Modulated photocarrier radiometry (PCR) technique has
been used as a contactless diagnostic methodology for semi-
conductor characterization.[6–10] PCR relies on detection of the
infrared emission from the semiconductor samples when they
are optically excited by a modulated laser beam with photon
energy larger than the fundamental energy gap of the material.
The technique can determine the electrical and optical proper-
ties of semiconductor samples. In the past, PCR was applied
mainly to characterize un-implanted semiconductor wafers or
implanted but non-annealed wafers.[11] In this paper, a com-
bined frequency-swept and quasi-time-domain PCR method
was developed to investigate the structural evolution of silicon
wafers with ion implantation and thermal annealing.

2. Experiment
In the experiment, three groups of ion-implanted and ther-

mally annealed silicon wafers were used as samples. Groups
S1 and S2 were prepared from ⟨100⟩ oriented n-type sili-
con wafers (525±20 µm, 8 Ω ·cm–13 Ω ·cm) with the front
surface chemo-mechanically polished and thermally oxidized,
and implanted with either phosphor (S1) or boron (S2) ions.
Group S3 was prepared from ⟨111⟩ oriented p-type silicon
wafers (525±20 µm, 8 Ω ·cm–13 Ω ·cm) with the front sur-
face chemo-mechanically polished and implanted with arsenic
ions. These samples were implanted with implantation doses
from 1× 1011 cm−2 to 1× 1016 cm−2 and implantation en-
ergy of 100 keV. The ion-implanted samples were annealed
in a rapid thermal annealing (RTA) system for 30 s in an in-
ert nitrogen atmosphere. Groups S1 and S2 were annealed at
1000 ∘C and S3 was annealed at 1100 ∘C.

The experimental setup for PCR measurements was de-
scribed in detail elsewhere.[6] In brief, a 104-mW-power and
830-nm-wavelength semiconductor laser with output power
square-wave modulated by a function generator was used as
the excitation source. The laser beam was focused with nor-
mal incidence onto the sample surface where the radius of
the beam was measured to be approximately 22 µm. The
infrared emissions at the excited site of the sample were fo-
cused through a pair of off-axis paraboloidal mirrors onto a
photomultiplier (NIR PMT Module H10330A, Hamamatsu)
with spectral response range from 950 nm to 1700 nm, and
demodulated by a lock-in amplifier (LIA, Model 7280, Sig-
nal Recovery). The amplitude and phase of the LIA outputs
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(PCR signals) were recorded as a function of the modulation
frequency in the range between 1 Hz and 100 kHz.

As the excitation power was square-wave modulated
in the experiment, theoretically, under the linear physical
mechanism,[6] the detected PCR signal could be described as
the sum of the odd-order terms of a cosine expansion

SPCR(t) =
∞

∑
i=1

(−1)(i−1)A2i−1 cos[2π(2i−1) f · t +Φ2i−1], (1)

where f is the modulation frequency, A2i−1 and Φ2i−1 are the
amplitude and phase of the PCR signal detected and demodu-
lated at frequency (2i−1) f , (i = 1, 2, 3, . . . ). Experimentally,
at frequency f , a total of 16 odd-order terms (from the first
term to the thirty-first term) were recorded and re-combined
to form the time-domain PCR waveform described by Eq. (1).
Since only the AC part of the PCR signal was detected by LIA,
the DC part was neglected. It is worth mentioning that experi-
mentally the time-domain PCR waveform could not be directly
recorded due to the low amplitude of the PCR signal.

3. Results and discussion
Experimentally, for the comparison of PCR signals un-

der the same photon flux into samples, the reflectance R of
all samples at 830 nm was measured with a high-precision
spectrophotometer (Lambda 1050, Perkin Elmer), as shown
in Fig. 1(a), and the PCR amplitudes were normalized by
the value (1 − R). Due to the damage recovery and re-
crystallization induced by thermal annealing, the reflectance
values of implanted and annealed silicon wafers in each group
were close to each other. The reflectance values for samples
in Groups S1 and S2 which were thermally oxidized were ap-
proximately 26.0%, while that of samples in Group S3 that
were not thermally oxidized was approximately 30.2%. Fig-
ure 1(b) shows the implantation dose dependence of the PCR
amplitude normalized with (1−R) at the lowest frequency for
the samples in the three groups. In general, the PCR am-
plitude increases with increasing implantation dose. How-
ever, there is an abrupt amplitude enhancement at implanta-
tion dose 1×1014 cm−2 for each group. To better understand
the implantation dose dependence of the PCR amplitude, the
frequency dependencies of the PCR amplitude and phase, as
well as the quasi-time-domain PCR waveform for each sample
were measured and the results for Group S1 and Group S3 are
presented in Figs. 2 and 3, respectively. The results for Group
S2 are similar to those for Group S1 and are not presented.
Due to the fact that only sixteen odd-order terms were used
to obtain the quasi-time-domain PCR waveform, unrealistic
high-frequency oscillations appear in the waveforms, as shown
in Figs. 2(c) and 3(c). Still, the wavy quasi-time-domain wave-
forms can be fitted to an exponential function to extract an ef-
fective lifetime for each sample. It is worth mentioning that

the response function of the experimental setup is measured
by employing a diode laser operated at 1310-nm wavelength
and its influences on the frequency dependencies of the PCR
signals and on the time-domain waveforms are eliminated.[12]

The values of the extracted effective lifetime for all samples
are given in Fig. 4.
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Fig. 1. Dependencies of (a) reflectance R and (b) PCR amplitude, nor-
malized by value (1 − R), of all implanted and annealed samples in
Groups S1, S2, and S3 on ion implantation dose.

In general, crystalline silicon ion implantation altered
the optical and electrical properties at the surface, and in
the sub-surface region,[13] as well as in the substrate[14] af-
ter thermal annealing. At 830 nm, the absorption coeffi-
cients of crystalline and amorphous silicon are approximately
7.6× 104 m−1[15] and 2.0× 106 m−1,[15] respectively. Cor-
respondingly, the penetration depth is approximately in the
range from 500 nm to 13.2 µm, much deeper than the aver-
age depth of the implanted ions (below 100 nm, calculated by
TRIM[16]) under implantation energy of 100 keV. However,
due to transient enhanced diffusion (TED) mechanisms,[17,18]

in thermally annealed silicon wafers implanted ions could
spread deep into the substrates, and the depth of the diffused
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ions might become close to the penetration depth of the exci-
tation beam. The PCR signals of ion-implanted and thermally
annealed silicon samples are mainly attributed to the substrate
regions modified by the diffused ions. They are also affected
by the implanted layer and the surface region via a carrier re-
combination mechanism.
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Fig. 2. (color online) Frequency dependencies of (a) normalized PCR
amplitude and (b) phase for all samples in Group S1. (c) Normalized
time-domain PCR waveforms for samples with ion implantation doses
for B+: 1× 1011 cm−2 (curve 1), B+: 1× 1014 cm−2 (curve 2), B+:
1×1016 cm−2 (curve 3), the response function of system (curve 4), and
the best-fitted case (1×1011 cm−2) (curve 5).

As figure 2 shows, at the low frequency end, both the
normalized amplitude and phase of the PCR signal for B+

implanted and thermally annealed silicon wafers are approx-

imately independent of the modulation frequency. And the
amplitude decreases and the phase lag increases with in-
creasing frequency. As the implantation dose increases,
the characteristic frequency where the PCR amplitude starts
to decrease (and the PCR phase lag starts to increase) de-
creases. Meanwhile, the rising and falling rates of the nor-
malized quasi-time-domain PCR waveform decrease. Sim-
ilar results for P+ implanted samples are also obtained
but are not shown here. The evaluated effective lifetime
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Fig. 3. (color online) Frequency dependencies of (a) normalized PCR am-
plitude and (b) phase for all samples in Group S3; (c) The normalized time-
domain PCR waveforms for samples with ion implantation doses for As+:
1×1011 cm−2 (curve 1), As+: 1×1014 cm−2 (curve 2), As+: 5×1014 cm−2

(curve 3), As+: 1× 1016 cm−2 (curve 4), the response function of system
(curve 5), and the best-fitted case (1×1014 cm−2) (curve 6).
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increases monotonously from 5.2 µs to 10.5 µs for B+ im-
planted samples and from 5.3 µs to 10.2 µs for P+ implanted
samples as presented in Fig. 4. Due to thermal annealing, the
diffused B+, P+ ions alter the structural properties in the sub-
strate region, and the effective lifetime related to those struc-
tural properties changes gradually with the increased dose. Of
particular note, the PCR amplitude is abruptly enhanced at the
dose 1×1014 cm−2, where the effective lifetime significantly
increases too. The implantation dose above the critical value
about 2×1014 cm−2[19] is a threshold for defects to appear, and
the accumulation of defects leads to the formation of an amor-
phous layer. During thermal annealing at 1000 ∘C, {113} rod-
like defects, faulted Frank dislocation loops and perfect dis-
location loops located around the projected ion range[20] are
formed due to recrystallization. The abrupt enhancement of
PCR amplitude at dose 1 × 1014 cm−2 can be explained by
the formation of many {113} rodlike defects[21] or disloca-
tion loops , which provide spatial confinement of carriers[1]

through a local strain field to enhance the photoluminescence,
that is, the PCR signal. The damage saturates beyond the im-
plantation dose 1×1014 cm−2. A higher dose does not greatly
change the effective lifetime or electronic properties. Simul-
taneously the number of dislocation loops, which enhance
the photoluminescence, is reduced as the implantation dose
further increases, and the PCR intensity slightly decreases
with an implantation dose above 1× 1014 cm−2. Particularly,
the PCR amplitude of the sample with P+ implanted at dose
1× 1016 cm−2 increases again, and the effective lifetime also
increases as shown in Fig. 4. Those results may imply that an-
other defect category exists at dose 1×1016 cm−2 that is dif-
ferent from the defect category at dose 1×1014 cm−2, playing
a dominant role in enhancing the photoluminescence.
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Fig. 4. Effective lifetime for all samples in groups S1, S2, and S3 ex-
tracted from the normalized time-domain PCR waveform profiles.

The effective lifetime behavior of As+ implanted samples
is significantly different from that of B+ and P+ implanted
samples. When the implantation dose is above 1×1014 cm−2,

the effective lifetime decreases abruptly from 7.3 µs for dose
1 × 1014 cm−2 to 3.4 µs for dose 5 × 1014 cm−2, and then
stays at approximately 1.6 µs for doses 1 × 1015 cm−2 to
1 × 1016 cm−2. As we know, compared with B+, P+ ions,
the As+ ion is heavier, with an atomic radius that is also larger
than that of silicon. The amorphous layer appears with an im-
plantation dose above 1 × 1014 cm−2,[22] in which case not
all of the As+ ions implanted into the substrate are fully ac-
tivated by thermal annealing, resulting in a sharp decrease of
the effective lifetime of the carriers. At the same time, ex-
perimentally, when As+ implanted samples with doses above
5×1014 cm−2 are irradiated with the excitation beam, the PCR
amplitudes increase rapidly with the irradiation time until they
saturate after 4 to 10 minutes. In contrast, for B+ and P+

implanted samples, the PCR amplitudes are approximately in-
dependent of the irradiation time. Figure 5 shows the PCR
amplitude versus irradiation time for As+ implanted samples
with doses from 1×1014 cm−2 to 1×1016 cm−2, recorded at
2-kHz modulation frequency. For comparison, the results for
B+ and P+ implanted samples with a dose of 1× 1016 cm−2

are also presented. For this reason, the experimental data pre-
sented in Fig. 3 were recorded after the PCR signal stabilized.
For As+ implanted samples, the laser annealing effect is due to
the intrinsic dangling-bond and lattice-disordered sub-surface
states[23] created by As+ implantation. A simple rate-equation
model[24] with two types of traps generated from defects can
be used to describe the fractional free carrier density at any
time (t) as

nf(t)
n0

= 1−
[

n01

n0
e−t/τ1 +

n02

n0
e−t/τ2

]
, (2)

where n01 and n02 are the total number density of initial traps
of type 1 and type 2, respectively, and n0 represents the total
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Fig. 5. (color online) Transient signals of PCR amplitude normalized
to the last data point at frequency 2 kHz for B+ and P+ implanted
samples with dose 1 × 1016 cm−2 and As+ implanted samples with
doses from 1× 1014 cm−2 to 1× 1016 cm−2 for P+: 1× 1016 cm−2

(curve a), B+: 1× 1016 cm−2 (curve b), As+: 1× 1014 cm−2 (curve
c), As+: 5×1014 cm−2 (curve d), As+: 1×1015 cm−2 (curve e), As+:
3 × 1015 cm−2 (curve f ), As+: 6 × 1015 cm−2 (curve g), and As+:
1×1016 cm−2 (curve h).
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number of trapped states as a constant, nf(t) is the instanta-
neous number density of excess free carriers liberated from
the annealed traps, τ1 and τ2 are the lifetimes of the traps of
types 1 and 2, respectively.

The experimental transient data (normalized) of As+ im-
planted samples with doses 1× 1014 cm−2 to 1× 1016 cm−2

are fitted to Eq. (2), and the results are presented in Table 1.
Apparently, the total fractional density (n01+n02) of traps and

the trap lifetime (τ1 and τ2) of the samples with implanta-

tion doses from 5× 1014 cm−2 to 1× 1016 cm−2 are higher

than those of the sample with dose 1× 1014 cm−2, resulting

in shorter effective lifetimes, as presented in Fig. 4. It is clear

that these results are associated with residual damage result-

ing from high-dose As+ implantation and subsequent thermal

annealing.

Table 1. The fitted trap lifetime and fractional density of the transient PCR signal for As+ implanted samples with doses from
1×1014 cm−2 to 1×1016 cm−2.

Implantation dose As+/cm−2 τ1 τ2 n01 n02 n02 +n01
1×1014 56.2 5.7 0.047 0.127 0.174
5×1014 143.8 11.1 0.106 0.239 0.345
1×1015 135.0 11.0 0.096 0.228 0.324
3×1015 148.5 11.1 0.073 0.241 0.314
6×1015 114.2 10.5 0.073 0.213 0.286
1×1016 122.8 10.5 0.072 0.223 0.295

4. Conclusion
In summary, we have presented a combined frequency-

swept and quasi-time-domain PCR technique and applied it to
characterize thermally annealed silicon wafers with B+, P+,
and As+ ion implantation at doses ranging from 1×1011 cm−2

to 1×1016 cm−2. The dependence of the effective lifetime on
the implantation dose has been well explained by implantation
induced defects and dislocation loops, and real-time monitor-
ing of the transient PCR signals of the As+ implanted samples
with doses from 1×1014 cm−2 to 1×1016 cm−2 has also been
carried out to relate the effective lifetime of the carriers to the
trap density and lifetime. These comprehensive methods are
useful for ion implantation monitoring in the fabrication of
semiconductor devices, as well as helpful for the design and
fabrication of silicon-based room-temperature light-emitting
devices.
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