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ABSTRACT High-energy low-mass proton implantation achieved considerable interest in semiconductor
technology, due to much deeper penetration of hydrogen ions into silicon as compared to common
dopants, boron, phosphorous, and arsenic. Accordingly, monitoring the accumulation kinetics and stability
of proton-implantation induced defects and their influence on the optical and electrical properties of Si
achieved increased attention both in technological process control and scientific research. We show that
photo-modulated-reflectance (PMR) is effective technique to measure very low defect concentrations in
the ppb-ppm range in high energy proton implanted silicon. After ion irradiation, the as-implanted dilute
damage structure may lead to long term changes of the defect distribution and the formation of defect
compounds due to mobility of point defects at room temperature. Moreover, low-mass hydrogen atoms
may move significantly faster at room temperature compared to heavier dopants. We show that PMR is
capable to detect differences in implanted proton dose with high sensitivity in a wide dose range, and,
on a longer time scale, allows to follow changes in free carrier generation and recombination processes
through the measurement of the long term decay of the PMR signal which is related to the sample
response based on electro-optic and thermo-optic effects. Our experiments may pave the way toward
high precision process control of device structure fabrication which utilizes the high-energy hydrogen
implantation step. Also, our aim is to gain insight into the main processes underlying the dose dependent
change and long-term decay of the PMR signal in high energy proton implanted Si.

INDEX TERMS Silicon, hydrogen implantation, defect concentration, photo-modulated-reflectance (PMR),
decay process.

I. INTRODUCTION
Ion implantation is one of the most common processes
utilized in semiconductor manufacturing. Nevertheless, the
implantation depth for common dopants is limited due to the
mass of B+, P+, or As+. Irradiation of light mass ions like
protons go beyond this limit and can be utilized to adjust
the doping of silicon power devices even in deep substrate
regions. Proton implantation into silicon is applied for several
purposes. Low dose implantations can be applied in power
electronic devices to fine tune the charge carrier lifetime,
improving the switching properties [1], [2], while medium

dose proton implants generate hydrogen related donor states
and are used for creating n-type buried regions or deep wells
in the semiconductor material [3]. High-energy, low-mass
hydrogen ions generate several orders of magnitude lower
defect concentrations as compared to the heavier B+, P+, or
As+ implants, due to their low nuclear stopping cross-section
for silicon atomic nuclei and deep penetration to several tens
of microns. Defect-related implantation dose monitoring for
MeV-energy proton implants requires non-destructive high
sensitivity characterization techniques for technology con-
trol. Besides precise monitoring of very low damage levels,
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the relaxation and reconfiguration of the dilute defect struc-
ture on a longer time scale after the implantation process
is important task. Also, changes in the depth distribution of
hydrogen, its interaction with defects, and hydrogen impurity
related resistivity changes in the material [2], are of great
interest in technology control, industrial applications [2], and
materials science.
To date the Photo-modulated-reflectance (PMR) technique

has been successfully applied for doping concentration mon-
itoring and shallow junction depth profiling in silicon [4].
Also, detailed description and modeling of the PMR process
has been presented [5]. However, less attention was paid to
the analysis of the PMR signal detected from ion implanta-
tion damaged un-annealed silicon layers with excess defect
related recombination centers introduced by the irradiation
process.
In this work, we show that the photo-modulated

reflectance technique enables high-sensitivity damage and
thus dose monitoring for 600 keV and 1.5 MeV hydrogen
implants from low to medium dose range, and, in addition,
enables to follow post-implantation changes in the sample
structure on a longer time scale. This is thank to the large
penetration and information depth of PMR in slightly dam-
aged Si (∼10 µm for the pump and ∼50 µm for the probe
laser beam) as well as its extreme sensitivity on sample
reflectance changes which are due to the variation of the free
carrier concentrations and lifetimes depending on damage
concentration and the actual defect structure.
Previous works revealed significant dependence of free

carrier lifetimes for 1.5 MeV H-implanted Si for a studied
dose range of 1011–1014 H+ cm−2 [6], [7]. As the PMR
response is closely related to the lifetime of photo-induced
carriers, tiny changes in damage levels and/or the hydrogen
depth distributions are expected to appear in the PMR sig-
nal. Therefore, PMR can be anticipated as a very sensitive
technique to monitor differences in the implantation dose for
deep proton implants.
Room temperature micro-photoluminescence (μ-PL)

imaging measurements were also performed on our hydrogen
implanted samples. Differences in residual damage levels vs.
implantation dose were monitored via the intensity of the
band-to-band (B2B) PL lines to gain additional information
for free carrier generation and recombination processes in
slightly damaged silicon.
Note our preliminary results were published elsewhere [8].

II. EXPERIMENTAL
A. SAMPLES
A high purity bare, <100> Si wafer with diameter of
300 mm was exposed to 1.5 MeV energy H+ ion-beam
treatments. The sample (purchased from SUMCO Corp.) is
p-type, B-doped with resistivity of 20-30 �cm and corre-
sponding doping concentration of ∼1015 cm−3. 600 keV
proton implants were performed on a 200 mm diameter
<100> Si wafer.

B. METHODS
In the case of H implants the time interval between the
implantation process and the characterization step is a cru-
cial parameter due to the fast self-decay and the long
term diffusion and/or complex defect formation tendency
of single defects and hydrogen atoms. To lower time delay
between implantation and measurement, the ion irradiation
was performed by our closest available partner, the Tandetron
Laboratory of the Institute for Nuclear Research (ATOMKI)
in Debrecen, Hungary [9].
The ion implantation process has been realized by expos-

ing the sample to the H+ beamline of the Tandetron ion
accelerator [8]. The irradiation took place in air for 1.5 MeV
protons and in vacuum (about 10−5 Pa) for 600 keV pro-
tons. The ion beam in air had circular shape with a maximum
diameter of ca. 4.5 mm and nearly homogeneous ion flux
distribution. In vacuum, the beam was collimated using a
2mm × 2mm aperture and the ions lateral density was mea-
sured to be homogeneous. For all implants the sample was
scanned with constant velocity in front of the incident beam.
In this manner, spatially quasi-homogeneous stripes of dif-
ferent doses could be obtained depending on the scanning
velocity and beam current. For the in air irradiations the exit
window at the end of the beamline was a Ti foil, and the
sample-window distance was kept at 5 mm. This gap may
be wide enough to homogenize the beam intensity profile,
and, at the same time, is narrow enough to keep the energy
loss of the beam in air below ∼6% with respect to the nom-
inal energy. In all cases, the tilt angle between the sample
normal and the beam was set to 7◦ in order to avoid ion
channeling effects.
For 1.5 MeV implants five stripes with 80 mm width and

4.5 mm height of highly different doses (1011, 1012, 1013,
1014, and 1015 H+ cm−2) were prepared by the above-
mentioned irradiation procedure while keeping a vertical
spacing of 10 mm between the centers of neighboring stripes.
For in vacuum implants (600 keV and 1.5 MeV) three stripes
with 6 mm width and 2 mm height of slightly different doses
(1.8×1014, 2×1014, and 2.2×1014 H+ cm−2) were prepared
with a vertical spacing of 5 mm between the midlines of
neighboring stripes. The applied nominal doses are listed
also in Table 1.
PMR experiments have been carried out with a Semilab

PMR-3000S tool, while µ-PL measurements were performed
using a Semilab En-Vision system in the band-to-band (B2B)
PL detection wavelength range of 1000-1300 nm, and at
excitation wavelength of λ = 808 nm.

C. SAMPLE PREPARATION
The implanted stripes were prepared one after the other
starting with the highest implanted dose. Furthermore, ca.
2.5 hours is required for sample transport from the Tandetron
Lab of ATOMKI in Debrecen to the PMR tool located at
Semilab headquarters in Budapest. Due to these conditions,
the time delay between the implantation and the first PMR
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TABLE 1. Sample parameters.

measurement is relatively long and it’s different for each
implanted stripe (see Table 1).
For the 600 keV implants the PMR analysis (following

the decay of the PMR signal vs. time for different implanted
doses) has been carried out as following. All the implanted
stripes were crossed through in one measurement run to keep
nearly similar delays for the different dose implants.
After the first run the laser beam of the PMR tool was

positioned again on the first stripe but on a new fresh area
and a second PMR run was started through all the stripes.
The whole measurement procedure was repeated several
times until the decay process has been nearly saturated. For
1.5 MeV implants one measurement run through the stripes
was performed long time (4 months) after the saturation of
the decay process.
En-Vision B2B PL measurements were performed on

1.5 MeV H+ implanted samples relatively long time (satu-
ration of decay) after the ion implantation process.

III. RESULTS AND DISCUSSION
A. COMPUTER SIMULATION OF DAMAGE DISTRIBUTION
The simulations of 600 keV and 1.5 MeV hydrogen implan-
tation induced damage vs. depth in Si have been performed
with full-cascade SRIM [10] calculations. The results can
be seen in Fig. 1, where damage is shown in units
of displacements per atoms (dpa). SRIM calculates the
number of vacancies per impinging ion and unit depth
(vacancies/(ion×Angström)), remaining after collision cas-
cade processes came to rest. This quantity can be converted

FIGURE 1. Depth distributions of (a) 1.5 MeV and (b) 600 keV energy
proton implantation induced damage in Si resulted by full-cascade
SRIM [10] simulations. Thick black lines show hydrogen depth profiles for
a dose of 1014 H+/cm2. (c) SRIM depth distributions of 1.5 MeV energy B+
and As+ implantation induced damage in Si. Thick black lines show boron
and arsenic depth profiles for a dose of 1014/cm2.

to dpa units multiplying by Ca×108 and by the ion dose
(ions/cm2) and dividing by the atomic density of Si (NSi

= 5×1022/cm3). Note, SRIM vacancy distributions were
corrected with a defect accumulation (defect endurance)
factor [11] of Ca = 0.1 that has been determined from
Crystal-TRIM simulations of implantation into Si with rel-
atively low-mass boron ions [10]. In literature we did not
find specific defect endurance parameter for proton implan-
tation, therefore the Ca value of the light boron projectile
was applied. For the defect endurance corrected vacancy
concentration (Nvac) it follows: Nvac = dpa×NSi.

Low-mass protons with 1.5 MeV energy introduce very
low damage levels, between 10−5 and 10−9 dpa, for the
applied dose range in the uppermost ∼32 µm of Si, and
even the damage peak (located at a depth of about 30 µm)
for the highest dose applied is below 10−3 dpa.
Compared to 1.5 MeV protons, for 600 keV protons

about three times higher damage levels are introduced in the

VOLUME 10, 2022 763



SZÍVÓS et al.: MONITORING OF DOSE DEPENDENT DAMAGE IN MeV ENERGY HYDROGEN IMPLANTED SILICON

uppermost 8 µm of Si, such difference is due to the higher
collision cross-section at lower implant energy. Thick black
lines in Fig. 1 show SRIM simulated hydrogen depth distri-
butions for a dose of 1014 H+ cm−2. Most of the implanted
hydrogen atoms are concentrated at the maximum pene-
tration depth. The atomic peak concentration of implanted
hydrogen varies between ∼1015 cm−3 and ∼1019 cm−3 in
the applied dose range. Note SRIM damage profiles scale
linearly with implanted dose as dynamic defect recombina-
tion and in-situ local annealing processes cannot be taken
into account in the SRIM simulation (Ca modifies only the
proportionality factor between vacancy concentration and
dose).
Fig. 1(c) shows SRIM simulated damage distributions in

Si for 1.5 MeV B+ and As+ implantation in the dose range
1011-1015 cm−2 for comparison. B and As atomic concen-
trations are also plotted for a dose of 1014 cm−2. For B
and As two and five orders of magnitude higher damage
levels can be observed as compared to that for 1.5 MeV
hydrogen implants. The highest dose As+ implant leads to
amorphization of Si.

B. PMR SIGNAL EVALUATION
In our simplified model we consider the high energy pro-
ton implanted sample as nearly homogeneously damaged Si
crystal within the ion penetration range. This seems to be
reasonable looking at the SRIM depth profiles in Fig. 1.
In first approximation we neglect gradients at the surface as
possible source of excess recombination and do not consider
gradients and extra carrier capture at the deeply buried ion
projected range (we expect negligible PMR signal contri-
bution from this region). Since defect levels are very low
we consider similar laser induced excess (hot) carrier gen-
eration rates in bare and implanted Si. For excess carrier
recombination at implantation induced defects similar effec-
tive cross section was supposed for all individual capture
centers introduced into single crystalline Si.
In our PMR experiment the sample is exposed to a pump

laser beam (λ = 808 nm) of which power is modulated
with a relatively low frequency (fmod = 2 kHz) AC compo-
nent. Such pump laser power modulation in the implanted
sample leads to quasi-static periodic generation of excess
carriers, electrons and holes, with maximum concentration
change �N and �P, and accordingly, modulation of the
refractive index n by a maximum change �n. This �n
change is detected through the relative reflectance change
�R/R0 of the sample, which is measured through the sample-
induced AC modulation (at frequency f = fmod) in the
reflected power of the initially unmodulated (DC) probe laser
beam (λ = 980 nm). Note that the phase of the periodical
reflectance change (material response) may differ from that
of the pump laser (AC) modulation. Since the modulation
frequency is low compared to the plasma frequency, a quasi-
static response is generated where this phase shift can be
∼0◦ or ∼180◦ indicating the sign of �R/R0. The relation
between �N, �P and �R for homogeneous defect depth

distribution (considering an average effective defect concen-
tration in the implanted layer) can be given by the following
expression [5]:

�R/R0 = |4/
(

1 − n2
)
|{β(

�N/me ∗ +�P/mh∗
) + δT�T

}

(1)

where n = 3.58, R0 = 0.317, and β = −1.2×10−22

are refractive index, sample reflectance, and electro-
optic coefficients of Si, respectively, at the probe laser
frequency [12], [13]. Furthermore, me* and mh* are the
effective mass of electrons and holes, respectively, while �T
is the temperature increase due to the laser beam. Negative
sign of β causes decrease of the refractive index n and the
reflectance R for excess carrier concentrations �N and �P.
Under the steady-periodic pump power modulation con-

dition the formula:

Gτtot(�N) = �N (2)

gives relation between the pump laser induced carrier gen-
eration rate (G), full carrier lifetime τtot(�N) and the excess
carrier concentration �N. The full lifetime of excess carriers
can be calculated as:

τtot =
(
τ−1
Aug + τ−1

def + τ−1
ad

)−1
(3)

with the Auger recombination (τAug) and defect related
(τdef) carrier recombination lifetimes, and lateral ambipolar
diffusion-related carrier concentration loss (τad) determined
by the ambipolar diffusion coefficient Dad. As it was shown,
for high �N values the Shockley-Read-Hall recombination
rate can be neglected [5]. We computed G, τAug and Dad
according to [5], [12]. The high power density of the gen-
eration laser (Ilas = 5.6×105 W cm−2) leads to high �N
values in the ∼1018 cm−3 range and in this case �N = �P
can be considered, i.e., the low doping of the Si wafer can
be neglected with respect to �N and �P.
Extracted values of τdef allow the estimation of defect

concentrations Ndef via τdef = 1/(σdvthNdef), where σd and
vth are recombination cross section of defects, and thermal
velocity of electrons, respectively. Considering typical cross
section values for vacancy and hydrogen related defects in
Si [14]–[16] we assumed an average defect related capture
cross section σd = 3×10−15 cm−2.

In Eq. (1) δT = 2.9×10−4 K−1 is the thermo-optic coeffi-
cient for Si [17] at the probe laser frequency, and it accounts
for pump laser induced periodic temperature increase with
maximum �T in the sample due to phonon-assisted thermal
relaxation and recombination processes of the generated (hot)
excess carriers [5]. Temperature rise leads to increase of the
refractive index n via the thermo-optic effect, and therefore,
electro-optic and thermo-optic processes oppositely affect
the sample reflectance.
To estimate �T for bare Si the following formula can be

applied:

�T = (Hhc + Hrec)τtd/ρC (4)
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FIGURE 2. PMR signal for Si implanted by 1.5 MeV protons to different ion
doses; red dashed line is only to guide the eye. Solid line marks signal
level for un-implanted bare Si, dotted line shows zero PMR signal position.
Measurements were carried out 4 months after the ion implantation
process.

where Hhc and Hrec are hot-carrier heat genera-
tion and recombination related heat generation terms,
respectively [5], ρ and C are density and heat capacitance
of Si, while τtd accounts for the effective time coefficient of
thermal diffusion with diffusivity Dth.

Our PMR signal value is defined as 106×�R/R0, therefore
knowledge on carrier generation/recombination processes
allows to derive excess carrier concentrations �N and �P
from the PMR signal by putting together Eqs. (1)-(4). Note
more details on the PMR evaluation procedure will be given
in a forthcoming paper.

C. RESULTS OF PMR MEASUREMENTS
Fig. 2 shows PMR signal values measured for 1.5 MeV
H+ implanted Si. In this case we followed the PMR sig-
nal trend in a wide dose range from 1011 H+ cm−2 up to
1015 H+ cm−2. These measurements were performed long
time after ion irradiation (see Table 1), therefore in this
case PMR decay processes were expected to be fully satu-
rated. For bare Si we obtained a PMR signal of −2095±20,
see the solid horizontal line in Fig. 2. For this value an
excess carrier concentration �N = �P = 1.05×1019 cm−3

can be derived which is indeed significantly higher than the
acceptor doping of the Si wafer, i.e., ∼1015 cm−3. Ion irradi-
ation introduces defect related capture centers which enhance
carrier recombination (heat generation), and lowers free car-
rier concentration. Such processes affect the net reflectance
change so that the PMR signal of the damaged sample will
shift from that of undamaged Si. As Fig. 2 shows this shift is
monotonous with proton dose and is apparent already for the
lowest dose of 1011 cm−2. The PMR signal crosses the zero
value at a dose of ∼1014 H+ cm−2. The zero PMR value
means that the contribution of the generated excess carrier
concentration, �N, to the reflectivity change, i.e., the PMR
signal just cancels that of the thermo-optic term (note in
Eq. (1) β has negative while δT has positive sign). Negative
sign of the PMR value below this dose means that the electro-
optic term (excess carriers) of the PMR signal is greater than

FIGURE 3. Concentration of defects (dots) and pump laser generated
excess carriers (squares) evaluated from PMR measurements as a function
of implantation dose. The sample was irradiated with 1.5 MeV protons.
Triangle shows the �N value for unimplanted bare Si. Dashed line for
squares shows linear fit to �N on logarithmic dose scale for doses ≥
1×1012 H+/cm2. Dashed line for dots shows linear fit to Ndef on log-log
scale for doses ≥ 1×1012 H+/cm2.

the thermo-optic term (temperature change), while for pos-
itive PMR values above this dose, the relation between the
two terms turns to opposite. Note the monotonous depen-
dence of the PMR signal on various implantation parameters
is utilized in several applications. Besides PMR’s dose mon-
itoring capability, we presented the excellent sensitivity of
this non-destructive technique for implantation tilt angle and
ion beam current density [18]–[20]. It is to mention that the
PMR tool has a high spatial resolution as well: it is suitable
to measure up to a test pad size of 30 µm × 30 µm, while
the beam diameter is around 3 µm.

Fig. 3 shows PMR pump laser induced excess carrier
concentration, �N, and implantation induced Si defect con-
centration, Ndef, vs. dose, for 1.5 MeV proton implants. The
linear trend of squares for doses >1011 H+cm−2 implies
inverse logarithmic dose dependence for �N, see the red
dashed line. Despite the wide dose range applied, change
in �N is relatively slow and covers roughly an order
of magnitude. Our derived τdef value of ≈1.1×10−8 s at
1014 cm−2 dose is close to that found by another group
(τ ≈1.5×10−8 s) in the upper 10-15 µm thick region of
1.5 MeV, 1014 cm−2implanted Si [6] using MW-PCD based
carrier decay lifetime depth profiling technique.
Interesting to note that in Fig. 3 Ndef shows a dose (D)

dependence of ∼D0.5 instead of a linear defect accumula-
tion vs. dose, see the blue dashed line fitted to dots. The
square root dependence can be associated with sub-linear
defect accumulation kinetics vs. dose due to effective in-situ
defect recombination during ion implantation. For 1.5 MeV
H+ implanted Si another group reported an inverse square
root dependence of the carrier lifetime vs. dose [6] that also
indicates square root dose dependence for the defect con-
centration. From these results it seems that PMR can be
considered as powerful tool to ascertain defect accumulation
kinetics for MeV energy light-mass proton implants.
We emphasize that the damage levels for the applied dose

values fall in the ppb–ppm range, according to our evaluation
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FIGURE 4. Time evolution of the PMR signal for Si implanted by 600 keV
protons to different ion doses. Dashed lines represent best fits for
exponential decay.

of the PMR data. Such defect concentrations are several
orders of magnitude lower than those usually generated by
higher mass implants, like B+, P+, or As+ in a similar dose
range (see Fig. 1). The applicability of PMR to monitor
tiny damage fractions is due to its extreme sensitivity to
excess carrier concentrations and lifetimes, parameters which
are closely related to refractive index changes in the photo-
excited material.
Fig. 4 shows PMR values for 600 keV H+ implanted

samples measured from ∼8 up to ∼122 hours delay after
ion irradiation. In this experiment our aim was to follow
the decay characteristics of the PMR signal as well as to
check the dose sensitivity of PMR as a function of delay
time using samples with slightly different implanted doses
of 1.8×1014, 2×1014, and 2.2×1014 H+cm−2.

Fig. 4 reveals the high sensitivity of PMR for the H+ dose
and shows quite similar long term dependences for the three
samples. The 20% difference between the highest and lowest
dose is reflected in a PMR signal difference of 6.7% and
7% for the shortest (8 hours) and longest (122 hours) time
delays. Nevertheless the PMR signal within the measured
timeframe decays by 4.5% (lowest), 5.3% (mid), and 5%
(highest dose). The decay seems to be almost completely
saturated for the longest delays.
Dashed lines in Fig. 4 show best fits to measured data by

an exponential decay function P(t) = P0 + PD exp(−t/tD).
Here t is delay time, tD is characteristic decay time, while
P0 and PD are asymptotic value and decay amplitude
of the PMR signal. Fitted parameters are summarized in
Table 1. For the three samples an average decay time tD ≈
23.4±1 hours was found. Decay amplitudes are quite simi-
lar, however, 10% lower PD value is found for the highest
dose, which is accompanied by a 10% longer time constant,
tD. The results suggest that a long-term physical process in
damaged Si may be responsible for PMR signal decay.
As it was mentioned in Section III-A, about three times

higher damage levels are predicted by SRIM for the 600 keV
energy implants compared to the 1.5 MeV energy ones for
same dose values. Fig. 4 shows a PMR signal value of
about 750 for 600 keV proton implantation with a dose

FIGURE 5. Concentration of defects (dots) and pump laser generated
excess carriers (squares) evaluated from PMR decay measurements as a
function of delay time after the implantation process. The sample is
irradiated with 600 keV protons to a dose of 2×1014 H+/cm2. Dashed
lines show exponential decay (for dots) and saturated exponential
increase (for squares) function fits to data.

of 2×1014 H+cm−2 after the saturation of the PMR decay
process. On the other hand, extrapolating the PMR signal
trend shown in Fig. 2 for 1.5 MeV energy implantation, a
PMR value of 750 corresponds to a dose of about 6×1014

H+cm−2. Therefore, a dose ratio of about three for the two
implantation energies can be ascertained in order to detect a
similar PMR signal value. This is in good agreement with the
damage ratio predicted by SRIM simulations. Therefore, the
PMR data measured for 600 keV and 1.5 MeV implantations
seem to follow the expected trend.
In Fig. 5 derived PMR induced excess carrier and Si

defect concentrations are shown vs. time for the 600 keV,
2×1014 H+cm−2 implanted sample. The observed trends
are just opposite as �N increases while Ndef decreases, and
both of them shows exponential character with quite sim-
ilar time constants of tD ≈ 22.5±1 hours, being close to
tD of the PMR value (22.7±1 hours). From Table 1 it fol-
lows that the overall drop of Ndef is about 7%, and the full
increase of �N is about 5%, however, the magnitudes of
their asymptotic values differ by nearly three orders. The
evaluated average defect concentration is ∼6×1015 cm−3,
much lower than predicted by corrected SRIM simulations
(for the concentration of vacancies: Nvac > 1017 cm−3), see
Fig. 1(b). This also suggests significant in-situ defect reduc-
tion during implantation, i.e., before the start of the slower
post-implantation defect relaxation process detected by the
PMR decay on longer time scale.
For interpretation of the PMR decay process one may

consider the followings. A high mobility defect in Si
is the isolated vacancy (VSi). To date, a number of
extensive studies report on vacancy migration in silicon
both at cryogenic and elevated temperatures [21]–[23].
The diffusion coefficient of VSi was found to be DV
= (0.0012 cm2s−1)×exp(−0.45eV/kT) [21], where k is
Boltzmann constant and T is temperature. Based on this,
for room temperature (RT) and a duration of t = 24 hours
a diffusion length of (DVt)1/2 ≈ 12 µm can be derived,
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which is comparable to the maximum penetration depth of
600 keV H+ ions, see Fig. 1(b). Nevertheless, in irradiated
material, depending on the defect structure, only a frac-
tion of vacancies can freely migrate toward the bulk or the
surface since they can be captured by another defects or
dopant atoms in the damaged region to form defect com-
plexes of low thermal mobility and ability to capture free
carriers.
Previously, in electron irradiated Si samples a diluted

defect structure has been found beneath the sample surface
after irradiation, i.e., the concentration of VSi related defects
such as divacancies (VV), vacancy-oxygen (VO) pairs, and
vacancy-phosphorus (VP) pairs, has shown exponential like
decay toward the sample surface in the uppermost 3-6 µm
of the damaged layer [23]. This result was attributed to the
migration of VSi in the irradiated material. In another work,
carrier decay lifetime profile measurements in 1.5 MeV pro-
ton implanted Si revealed a continuous decrease of carrier
lifetime (τR) from the position of the H+ projected range
toward the sample surface, starting with τR ∼0.5 µs at the
substrate side and descending to τR ∼15 ns in the near
surface region [6]. On the other hand, smooth primary dam-
age profiles without significant gradients in a wide depth
range below the surface can be expected for high-energy as-
implanted Si, see Fig. 1. From the experiments mentioned
above partial reorganization of the defect structure at RT after
(and during) ion irradiation can be inferred for high energy
proton implants. Underlying mechanisms may be redistri-
bution of mobile vacancies and/or hydrogen atoms, e.g.,
gettering and recombination at the surface [23] and com-
plex defect formation with the participation of vacancies,
dopant atoms, or hydrogen.
Concerning the migration of hydrogen in ion implanted

Si the reported diffusion constants vary over six orders of
magnitude [24]. This wide spread of data is caused by the
different concentrations of defects in the studied samples.
Hydrogen diffusion is slowed down as it interacts with impu-
rities. In a comprehensive work, for RT an effective diffusion
coefficient of ∼10−12 cm2s−1 – although with orders of
magnitude uncertainty – for hydrogen has been extrapolated
based on a wide range of accessible data measured at ele-
vated temperatures [24]. This means that in our experiments
the migration of hydrogen on a longer time scale cannot
be excluded, however, vacancies seems to be more mobile,
as for H a diffusion length of (DHt)1/2 ∼2.9 µm can be
estimated for t = 24 hours duration. Considering all above,
we conclude that the identification of the key mechanism
responsible for the long term decay of the PMR signal in
Fig. 4 requires further investigation that is beyond the scope
of this work.

D. RESULTS OF PL MEASUREMENTS
Fig. 6 shows band-to-band (B2B) PL En-Vision line scan
measurement performed along lateral direction through the
stripes implanted with 1.5 MeV protons to five different
doses in the range 1011-1015 H+cm−2. Despite the very low

FIGURE 6. Band-to-band PL emission line scan performed through the
stripes implanted with 1.5 MeV protons to different doses.

defect concentrations, the PL intensity in the implanted zones
is strikingly lower compared to that of bare Si (PL signal
level at a position of about 7.5 mm, in between the lowest
dose implanted stripes in Fig. 6). This can be attributed to
the fact that the implanted region penetrates deep into the
material hence the total amount of defects and related free
carrier recombination centers is significant within the full
penetration range of the exciting laser beam. The PL inten-
sity drops strikingly already for the lowest dose, decreases
further for 1012 H+cm−2, and at higher doses seems to be
saturated at around a minimum background level. This trend
can be elucidated considering the effective depth accessi-
ble for the generated carriers deff = α−1+(Dτtot)1/2, where
α is light absorption depth for the exciting laser beam (at
λ = 808 nm) and (Dτtot)1/2 gives diffusive dispersion of
excess carriers within their lifetime period (τtot) related
endurance before recombination. In bare Si the estimated
order of deff is ∼80 µm while for a dose of 1013 H+cm−2

deff drops to about ∼30 µm that is about the implanted
layer thickness, dimp. For higher doses deff decreases fur-
ther and fast defect related recombination of excess carriers
may dominate over band-to-band recombination. Also, in
this case crystalline substrate related B2B PL contribution
no longer can be expected. This may be reflected in the sat-
uration of the B2B PL intensity at a minimum background
level. Nevertheless, the PL intensity seems to be very sen-
sitive to the implanted dose in the low dose region below
1013 H+cm−2.
Worth to mention that in this work the noise level for

the PMR signal can be somewhat higher for this unique
experiment set as compared to high-throughput industrial
implantation runs which are performed with two dimensional
beam scans on full-wafer scale and are probed with PMR on
a given number of measurement sites. In such case, the high
spatial resolution of the PMR tool can be also applied for
preparing sample homogeneity maps. In those applications,
repeatability and dose sensitivity of PMR can be even further
improved. Nevertheless, PMR’s figures of merit are progres-
sively enhanced thanks to the continuous development of
the tool.
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IV. CONCLUSION
We have shown that PMR-3000S can well resolve the dif-
ferences in implanted dose, even at very low damage levels
in the ppb-ppm range, and also capable to monitor time
dependent processes related to long term defect structure
changes in high-energy hydrogen implanted layers. This is
thanks to the high sensitivity of the technique to concentra-
tion and lifetime changes of generated excess carriers that
is caused by tiny differences in the dilute defect structure.
In addition to low dose monitoring capability, applying a
simplified evaluation procedure, PMR seems to be suitable
to follow defect accumulation kinetics in proton implanted
samples at low defect levels.
PMR based high-sensitivity characterization of both the

short and long-term behavior of dilute defect structures
may be beneficial in industrial process timing and post-
implantation monitoring of high energy H+ implanted
wafers.
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