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A B S T R A C T

This paper is about analyzing millimeter wave probe signal (150 GHz) differential absorption datasets to reveal
some changed transmission and reflection properties of 500 µm p-doped Si wafers exposed to 1.2, 2.0, and
0.75 MeV gamma, proton, and chlorine ion beams (with doses in range 0.1 to 6 MGy). The decay portion of the
respective pristine and irradiated sample RF responses were tri-exponentially fitted, and respective time con-
stants evaluated as function of radiation dose. The peak RF voltages and their ratio with the transmitted DC
voltages at each of the 532 nm laser radiation fluence points were plotted as function of laser radiation itself.
Radiation dose is found to enhance the third time constant τ3 that decays very fast beyond 0.1 MGy. Average τ
for all irradiated samples correlates negatively with radiation dose (R = −0.83). 4-probe resistivity of 2 MeV
H+ exposed samples increase ~10x and enhances the peak RF voltage to DC voltage ratio (ΔVT/Vdc). Chlorine
(Cl2+) irradiated Si wafers show feeble ΔVT/Vdc compared to those exposed with γ or H+ beam. DC transmit-
tances of all samples at 150 GHz lie in the range 0.46–0.64.

1. Introduction

Radiation damage due to proton and photon irradiation in opto-
electronic semiconductors and its effect in photoconductivity have been
well reported previously [1–10]. Point defects and cluster defects in
silicon develop due to non-ionizing energy loss of radiation. The latest
research on the fusion and space exploration calls for further research
in this direction [11,12]. Constant exposure to low dose gamma ra-
diation due to presence of radiation sources in the vicinity have caused
reduction in performance of solar PV modules and increase in photo-
current and power while photovoltage is constant [13]. General forms
of radiation effects observed on materials are impurity production,
atomic displacements, removal of electrons from atoms (ionization) and
large energy release in a very confined volume resulting in thermal
heating. High energy proton can significantly damage the crystal lattice
resulting in exhibition of high resistivity of the samples [2]. Kishimoto
et al., 1996 [8] have well documented the radiation damage of Si for its
exposure to electron, neutron, proton, various other ions and gamma.
Amekura et al., 1998 [5] have pointed out that while developing ra-
diation resistant electronic devices involving Si it is very important to
reveal elementary processes in semiconductors. Effects of irradiation
with beams with around 17 MeV proton on Si were well studied and
reported for Si [3,5,14], another set of results are published for studies
on structural defects induced in Si at GeV energy levels [6,15,16].

Transient conductivity changes in pulse radiolysis technique were stu-
died for Si on glass, and CdS (Fluka) powder using the time-resolved
microwave conductivity apparatus Warman et al., 1989 [4]. They used
a pump-probe apparatus delivering 3 MeV electron beam from a Van de
Graaf generator as pump beam on sample, and 100–200 mW 26.5 GHz
to 38 GHz (sweeping mode) microwave signal used as probe beam. In
this work they had presented the microwave absorption peak voltages
normalized by the beam charge in nC as function of time for different
dose level ranging from 1.2 Gy to 47.5 Gy. In their experiments, the
samples were contained in a microwave cell and waveguide was used
for transport of the probe signal to sample and the detector system.

Relevant to these studies attempted earlier, our experiment design
was for noting the transient conductivity changes at 150 GHz due to
carrier generation in irradiated Si samples when pumped by laser with
~0.7 µJ cm−2 radiation fluence at 532 nm wavelength. We used a
Time-Resolved millimeter Wave Conductivity apparatus (TR-mmWC)
[17] for data acquisition. Data were collected at fixed probe frequency
but we swept the pump laser radiation fluence levels between 0.1 and
10 µJ cm−2. We then perform initial tri-exponential fitting of the
averaged voltage time traces, and calculate time constants for and at-
tempt to study differences of these time constants from those obtained
for the pure Si sample values.

Ion-induced damages in semiconductor are well simulated using
standard Monte Carlo based Stopping and Range of Ions in Matter

https://doi.org/10.1016/j.nimb.2020.05.012
Received 3 March 2020; Received in revised form 7 May 2020; Accepted 8 May 2020

⁎ Corresponding author.
E-mail address: broy@nccu.edu (B. Roy).

Nuclear Inst. and Methods in Physics Research B 478 (2020) 50–55

0168-583X/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0168583X
https://www.elsevier.com/locate/nimb
https://doi.org/10.1016/j.nimb.2020.05.012
https://doi.org/10.1016/j.nimb.2020.05.012
mailto:broy@nccu.edu
https://doi.org/10.1016/j.nimb.2020.05.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2020.05.012&domain=pdf


(SRIM) model [18] which is used to calculate the total vacancy in-
troduced per ion in each of the irradiated sample. Gamma dosages were
measured during irradiation process itself but dosages for proton and
chlorine ions were computed using the Screened Relativistic Non-Io-
nizing Electron Loss (SR-NIEL) calculator [19].

The contactless TR-mmWC system used for this work is operated in
free space configuration and uses a quasi-optical setup. The system has
previously been calibrated using 550 µm c-Si samples with resistivities
in the range 16–120 Ω-cm. The detector system has two outputs (RF
and dc) and the ratio can be related to the finite photoconductance
change ΔG,

=V V K G| / |RF dc (1)

K is the sensitivity factor and was evaluated as 0.2 in previous
studies using Si data [17]. Intrinsic resistivities of each exposed sample
were measured using the standard 4-probe technique and we note that
they are changed due to vacancies imparted by energetic photons and
ions. In Table 1 we present Si properties evaluated after irradiation and
some computed from standard models.

Overall, in this paper we perform an initial data analysis (IDA) of
the radiofrequency (RF) transients that are captured by the detector in
voltage form to i) show the nature of average transients taken for
various irradiated samples in transmission mode and reflection mode
and explain the data acquisition strategy in brief. ii) perform IDA of the
stored transmitted voltage transients by tri-exponential fitting of the
decay portion of each trace and study the difference of the 3 time
constants and the average time constant so computed for different
samples after fitting to exploratively understand its relationship with
the doses of radiation, vacancies introduced, and its relation with
measured 4-probe resistivity of each sample. These results are given in
section 2.1. iii) Photo-absorption induced ΔVRF peak in transmitted
transients obtained using 500 µm thick Si samples irradiated by
1.2 MeV gamma radiation, 2 MeV H+ (proton) and 0.75 MeV Cl2+ ion
at various fluences are analyzed in terms of laser radiation fluence.
These results are shown in section 2.2.

2. Time-resolved response of irradiated silicon samples

The quasi-optical setup of TR-mmWC is well explained in ref. 17.
The advantage of millimeter wave probing of irradiated silicon is that it
enables us to acquire non-resonant absorption profile occurring in ir-
radiated specimens that have dimensions comparable to that of the
probe wavelength. This results in acquisition of millimeter wave
(mmw) data for states between surface impedance in the reflection
profile and accounting the depolarization factors resulting in trans-
mission profile. Boron-doped Czochralski-grown single-crystal silicon
sample used for this experiment has (1 0 0) orientation, intrinsic

resistivity15.13 ± 0.375 O-cm and 500 µm thickness. Additional Si
wafers of exact quality as the pristine sample wafer were irradiated
with 1.2 MeV γ radiation from a 60Co source, at doses 0.1 MGy (ex-
posure for 19.9 Ks), 0.5 MGy (exposure for 59.4 Ks), and 1 MGy (ex-
posure for 119Ks). These were achieved at room temperature. When the
samples were inserted into the 60Co source for γ irradiation its tem-
perature rise were recorded in the range 20–40 °C. Proton beam with
energy level 2 MeV was used on similar Si wafer having same dimen-
sions as the pristine (sample 1 in Table 1) at particle fluence of 1012

H+/cm2 and 1014 H+ cm−2 respectively obtained from a 6 MV Van de
Graaf accelerator at Boskovic Institute, Zagreb. Chlorine (Cl2+) ions at
energy 0.75 MeV and fluences 1012 Cl2+ cm−2 and 1014 Cl2+ cm−2

were also used for irradiating similar Si wafer at room temperature
using the same Van de Graaff accelerator.

Table 1 lists the resistivity, 150 GHz transmittance, exposure type,
dose and total vacancies (per-ion) of the irradiated Si samples. Trans-
mission and reflection voltages are captured using an antenna fed
110–170 GHz input zero bias Schottky diode detector (ZBD) [20] with a
bias-tee, gain 31.48 dB and RF output in the range 0.1–6000 MHz. This
ZBD is a negative voltage detector.

Fig. 1(a) and (b) above show the peak and decay of the transmitted
and reflected RF voltages captured for each irradiated sample shown as
function to delay time (s). The traces shown in Fig. 1 are obtained after
averaging the signal 5 k to 40 k times. Chlorine ion induced defects are
found to impede the TR-mmWC peak voltage response very sharply.
Chlorine being a heavy ion introduces rapid change in Si wafer optical
property thereby making it less transparent to the probe beam even
after being excited by the pump at the maximum laser radiation fluence
level.

2.1. Decay response of irradiated Si data

The low noise probe beam transmission and reflection traces shown
in Fig. 1 are obtained after the beam electric field has interacted with
the effective electric field of the electron-hole pairs when the pump-
probe focused spot (with 1/e2 pump-probe beam diameter ratio ~3.6)
is excited by the 532 nm laser at a maximum power of 22.14 mW
(maximum laser radiation fluence ~10 µJ cm−2) with spot size
~10 mm2.

A complete carrier decay in semiconductor is well represented by
the following non-radiative process combination:

= + +dn
dt

K n K n K n1 2
2

3
3

(2)

where n is the carrier concentration number/cm3, K1, K2, and K3 re-
present the coefficients of the rate equation representing the defect
induced (Shockley-Read-Hall) trap-assisted process, the non-radiative

Table 1
List of samples and property. Sample 1 is boron doped P type c-Si wafer and rest (2 through 8) are irradiated versions of the same wafer. Resistivities were measured
using 4-probe system and dc transmissions were measured using TR-mmWC operated at 150 GHz CW, with beam power in the vicinity of 0.32 mW. 60Co doses in
MGy were measured while sample was irradiated, H+ and Cl2+ doses shown in italics (column 4) were computed using the SR-NIEL calculator v6.0.1 (June 26,
2019).

Sample Resistivity (Ohm-cm) DC transmission (%) Exposure* SRIM Total Vacancy

1 15.13 ± 0.375 64.15 Pristine
2 15.47 ± 0.24 57.8 0.1 MGy γ 1.2 MeV 285/Ion
3 15.43 ± 0.41 57.5 0.5 MGy γ 1.2 MeV
4 15.84 ± 0.32 60.1 1.0 MGy γ 1.2 MeV
5 150.01 ± 14.59 53.7 1012 H+/cm2 2 MeV

5.3 Gy
36/Ion

6 54.5 ± 3.5 50.9 1014 H+/cm2 2 MeV
0.00531 MGy

7 15 ± 1.46 46.9 1012 Cl2+/cm2 0.75 MeV
5.97 MGy

4168/Ion

8 15.68 ± 0.05 50.3 1014 Cl2+/cm2 0.75 MeV
5.97 MGy
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band-to-band, and the heavily doped/high injection level Auger re-
combination (3 carrier interaction) constants. In light of Eq. (2) and the
TR-mmWC data that we collected it needs to be pointed out that the
532 nm laser radiation fluence was maintained at 0.7 µJ cm−2 and at
that moderate level of fluence, with the given beam spot-size and the
pump repetition rate of 1 kHz with a pulse-width ~0.7 ns the carrier
densities are ~9× 1015cm−3 after assuming 100% quantum efficiency.
The dopant concentration (n0) for the 15.5 Ω-cm resistivity Si wafer is
calculated from PV Lighthouse (PVL) calculator [21] to be 8.71 × 1014

cm−3. The net carrier density (Δn) ~8.1 × 1015 cm−3. Looking up the
ambipolar Auger coefficient data computed by Eq. (22) in Kerr and
Cuevas, 2002 [22] we note that for our Δn the coefficient is
0.5 × 10−29 cm6 s−1, Auger lifetime ~100 ms, and Auger re-
combination enhancement factor is around 10. Based on PVL resources
it is seen that SRH trap assisted process lifetimes are 1/1280 of the
typical Auger lifetimes for Si.

However, when viewing the decay portion of the signals so obtained
for each of the irradiated samples, it is found that not one exponential
decay will perfectly be able to reconstruct the decay signal. Residuals in
such a model remained very high. Hence, we approached IDA path and
obtained a tri-exponential fitting as the best model to show minimum
residual with the experimental data of the RF voltage transients.

= + +V a t b t c texp( / ) exp( / ) exp( / )RF 1 3 3 (3)

Average τ is computed after obtaining the Eq. (3) parameters from
the experimental data.

= + +
+ +

a b c
a b c( )avg
1 2 3

(4)

VRF is the differential signal voltage acquired by detector that results
from the probe light absorption by carrier population (Δn) created due
to pump action. The pulse peaks and then decays fast as shown in Fig. 1.

Fig. 1. (a) Delay time traces of 150 GHz probe voltage signal transmitted, and (b) reflected and captured by antenna fed ZBD (negative voltage detector) when
pristine and irradiated Si samples are activated by 532 nm pump photon fluence ~10 µJ cm−2. Note: diminished Cl2+ irradiated response.
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As noted from Eq. (3) the tri-exponential model involves amplitudes
and lifetimes a, b, c, τ1, τ2, and τ3 respectively and comparing Eqs. (2)
and (3) it is quickly inferred that this type of fit does not provide so-
lution to the rate equation (2) but, only for the purpose of evaluation
the magnitudes and type TR-mmWC response changes due to irradia-
tion of Si wafers. However, neglecting the contribution of the band-to-
band, and Auger recombination in these irradiated samples (at low
pump laser radiation fluence and moderate to low rate of introduction
of defects in the lattice due to very low doses of radiation), the solution
of the rate Eq. (2) would be represented by the first term on the RHS of
the tri-exponential fit Eq. (3) as terms 2 (band-to-band) and 3 (Auger)

of Eq. (2) will most likely diminish and could be neglected completely.
Based on this model (Eq. (3)) we compute the differences in time

constants Δτ1, Δτ2 and Δτ3 for the 3 exponential terms using the pristine
sample data minus the irradiated sample data. Fig. 2(a) shows the log-
linear plot of the changes in lifetimes Δτ1, Δτ2 and Δτ3 function of ra-
diation dose in MGy. Crystal defects induced by the gamma and ion
beam on Si increase the recombination center densities as a result of
which the fitted lifetime is found to slightly differ from that of the
pristine Si as shown in Fig. 2(b).

From Fig. 2(a) it is clear that the increase in radiation dose enhances
τ3 and it falls off sharply beyond 0.1 MGy. However, the τ1 and τ2 so

Fig. 2. (a) Change in calculated decay time of the RF responses Δτ1, Δτ2, and Δτ3 arising from transmitting 150 GHz probe signal through irradiated Si wafers when
excited by a 0.7 ns width 532 nm laser with fluence ~0.7 µJ cm−2. The Δτ’s are computed with respect to the pristine c-Si (Δτ irradiated sample minus Δτ pristine Si)
shown as function of radiation dose; inset of Fig. 2a: shows variation of available average τ calculated using Eq. (4) with respect to the radiation dose with an
appreciable negative correlation R = −0.831, (b) variation of the differences in same lifetime shown in Fig. 2a but in terms of the exposure type with the logarithm
of respective dosages shown in solid blue line and labeled y2 ordinate; beam energy level for each type of radiation are also marked. Missing data pertain to b, τ2 for
proton irradiated sample (both fluences), and c, τ3 of the Cl2+ exposed sample at 1014 cm−2 fluence.
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estimated from data do not abruptly change from those of its parent
sample in the wide radiation dose range 1–7 MGy. Fig. 2b shows the
same changes Δτi but by the exposure type with corresponding dose
shown graphically. Measured and SR-NIEL derived radiation doses and
SRIM derived defects per ion incident on Si are expected to bear ne-
gative correlation with respect to the decay time constants and with
respective differences of time constants Δτi. The τavg for each sample
shows maximum negative correlation with dose (R =−0.831) whereas
with respect to SRIM defects/ion the correlation coefficient is slightly
lower at −0.73. The defects/ion also correlates negatively at −0.77
with Δτ2. Comparing data from Fig. 2b and Table 1 for proton irra-
diated samples, it is found that even for very low doses of proton
bombardment the 4 probe resistivity of the samples enhance to about
10 times and about 4 times for the particle fluence levels of 1012 cm−2

and 1014 cm−2 respectively. From Fig. 2b it is evident that τ1 and τ2
does not change appreciably over the entire range of irradiation in our
analysis and τ2 duration very slightly increase with a rise in dose
however, in general τ3 is found to remarkably delay with radiation
dose.

2.2. Peak response of irradiated sample data

In the previous section we have seen the behavior of photo-induced
carrier and its decay patterns as evident from the variation of Δτi and
the τavg using the exponentially varying part of the TR-mmWC traces of
voltage for each of the irradiated Si wafers. In this section we try to
interpret the results of studying the peak power response acquired by
the detector for each of those average transients obtained for 4 re-
presentative samples each representing the radiation type. TR-mmWC
response ratios are plotted as function of laser radiation fluences. From
Eq. (1) we note that the TR-mmWC voltage response ratio ΔV/Vdc is
related to the change in conductance of the material directly. This peak
RF voltage to dc voltage ratio is also related to the corresponding
millimeter wave power ratio ΔP/P0 through the sensitivity factor K. All
wafers used in this experiment exhibit millimeter wave transmittance in
the range 0.46 to 0.64 at 150 GHz probe frequency with 0.32 mW
power. However, we note that irradiation beam energy has some effect
on resistivity and the ΔV/Vdc response ratio. Using the detector sensed
RF voltages and plotting the TR-mmWC response ratios that the Si
wafer when exposed to 2 MeV proton beam with dose of only 5.3 Gray
introducing a total vacancy of only 36/ion yields the highest ΔV/DC
compared to other exposed samples at a slightly lower beam energy.
The same wafer when exposed to 0.75 MeV Cl2+ shows lowest response
ratio (see Fig. 3). Pristine sample response ratio profile compares well
with that of 1.2 MeV γ irradiated sample as seen in Fig. 3.

In fact, the Cl2+ irradiated sample response is so low that it had to
be multiplied by 1000 in order to include with other samples and to be
shown in Fig. 3. From the histogram shown as inset of Fig. 3 it is noted
that maximum probability of occurrence of the transmitted peak vol-
tages are in range ~25–50 mV with probabilities 20–40%.

3. Conclusions

Differential absorption-based time-resolved conductivity apparatus
(TR-mmWC) operated at 150 GHz with moderate pump laser radiation
fluence at wavelength 532 nm has been used to study the effects of Si
wafer subjected to 3 different types of radiation possibly introducing
crystal lattice damage and vacancies. Average transients of 150 GHz
transmitted and reflected RF voltage response of the pristine and irra-
diated p-type 500 µm thick homogenous Si wafer when excited by the
532 nm pump laser radiation fluence of 10 µJ cm−2 with pump-probe
spot diameter ratio is ~3.6 are shown. It is noted from these responses
that Cl2+ ion cause alteration of wafer optical property and as such, its RF
transparency is minimal compared to other type of irradiated samples.

Using transient data collected at 150 GHz probe frequency we have
attempted to perform an IDA to understand as to how the time

constants of the irradiated Si sample decays differ from those obtained
for the pure sample. In order to reveal some simple characteristics,
these differences are plotted as function of actual and modeled radia-
tion dose and induced vacancies.

We performed an initial decay analysis using the TR-mmWC RF
voltage responses by considering a tri-exponential fitting of the decay
voltages. We note the differences of the three time constants of irra-
diated sample RF responses from those of the pristine sample response
fits. From this we note the following:

• Increase in radiation dose enhances the third time constant τ3 and it
decays fast beyond 0.1 MGy dose
• Average time constant τavg shows maximum negative correlation
R = −0.831 with dose, and R = −0.73 with SRIM computed
number of defects per ion.
• 4-probe wafer resistivity enhanced to 10x and 4x for 2 MeV proton
fluences 1012 cm−2 and 1014 cm−2 respectively
• Time constants τ1 and τ2 does not change appreciably (from pristine
sample values) over the entire range of dose 0.1 to 6 MGy

Peak RF voltages for each of the samples were collected from the
pristine and irradiated sample using probe at 150 GHz while sweeping
the pump laser radiation fluence between 0.1 µJ cm−2 and ~10 µJ cm.-
2 Using through sample probe DC measurements the peak transmitted
voltage ratio ΔVT/Vdc as function of laser radiation fluence was plotted.
This plot helps to point out the following:

• 4-probe wafer resistivity enhanced to 10x and 4x for 2 MeV proton
fluences 1012 cm−2 and 1014 cm−2 respectively. The reason for
enhanced resistivity at a lower particle fluence 1012 H+ cm−2 than
at 1014 H+ cm−2 level is due to the fact that H+ implantation in-
troduces defects that trap carriers causing already enhanced re-
sistivity at 1012 cm−2 fluence, however, further increase in particle
fluence causes passivation of the traps leading to a lower growth of
resistivity.
• 2 MeV H+ beam exposure enhances the mmw ΔVT/Vdc response and
remains higher than the other responses for each laser radiation
fluence point. This is even higher than the pristine Si wafer response
• Cl2+ damaged Si wafer exhibits very low ΔVT /DC compared to
other samples exposed to γ, and H+ radiations, including those of
the pristine sample
• Peak transmitted voltages VT has maximum probability (20–40%) in
range 25 to 50 mV

A more systematic study involving silicon irradiated samples at a
wider probe frequency range (110–320 GHz) will be beneficial. It will
be desirable to study Si wafers having different dopant concentrations
and a wide range of resistivity.
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