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Abstract
An enhanced quantum yield observed in silicon ionizing radiation detectors, neutron-irradiated
to extremely high fluences, could be attributed to impact ionization via deep levels. The
quantum yield was investigated by the intrinsic photoconductivity optical spectroscopy in
silicon irradiated by neutrons to a wide range of fluences up to 1 × 1017 neutron cm−2.
An increase of quantum yield was observed in highly irradiated samples. We have demonstrated
that the quantum yield enhancement could be attributed to the impact ionization via deep levels,
this process being presumably related to disordered defect clusters regions in Si. The proposed
mechanism explains the observed decrease of the impact ionization energy by at least an order
of magnitude at low temperature. The impact ionization energy values of up to 0.30–0.36 eV
and less, and 0.38–0.40 eV were determined at T ∼ 21–33 K and at T = 195 K, respectively.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Silicon particle detectors, which play the central role in high
energy physics research, suffer from a reduction of effi-
ciency due to radiation damage. The challenge of retaining the
required efficiency in these detectors with increasing irradi-
ation fluences can be addressed either by increasing the bias
voltage following irradiation [1] or by sophisticated detector
designs, as e.g. demonstrated for the Low Gain Avalanche
Diode (LGAD) technology [2, 3], in which an implanted ion
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layer is used to create the effective multiplication of non-
equilibrium carriers by impact ionization.

An influence of the radiation-induced damage on the elec-
tron impact ionization coefficient has been observed in [4, 5].
A small but distinct reduction of its value at high fluence
(in the range of 1014–1015 neutrons cm−2) with respect to the
unirradiated silicon samples was reported in [4]. The charge
multiplication effect has been also observed in Si strip detect-
ors irradiated by up to 1016 neutrons cm−2 in experiments
employing laser generated non-equilibrium charge carriers
[5]. These results provide a strong motivation to investigate
the photogeneration quantum yield in Si samples irradiated by
similar neutron fluence striving to determine the energy neces-
sary for carrier impact ionization.

Photoconductivity depends on the absorption of incident
photons, generation of electron–hole pairs, and carrier trans-
port mechanisms (diffusion and drift) [6]. To cause excitation,
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the incident photon energy must exceed the semiconductor
bandgap (so called intrinsic excitation), or excite charge carri-
ers from impurity energy levels within the bandgap (extrinsic
excitation). The electrical conductivity increase depends on
the number of the photogenerated electron–hole pairs, depend-
ing also on the quantum yield, as well as on carrier mobility
and lifetime. All these factors are also affected by the recom-
bination centers in the bulk and at the surface of the crystal.

This paper presents an analysis of the photoconductiv-
ity spectral dependencies in Si radiation detectors, irradiated
by neutrons to very high fluences (1015–1017 n cm−2). The
main attention is being paid to the intrinsic photoconductivity
region.We report a significant increase of the quantum yield in
the samples irradiated to the highest neutron fluences, which
could be attributed to the impact ionization via the defect states
created by irradiation.

2. Methods and samples

Wewere focusing on the intrinsic photoconductivity region, in
which the excess carriers are generated by the above-band-gap
photons. In this region the photocurrent spectral dependence
can be approximated by an expression valid for thick samples
with a thickness d which significantly exceeds the diffusion
length L of the carriers (d≫ L) [6]:

Iphoto=
eqwLJτµ(1−R)E

L+ sτ
×
(
1+

sτ
L(1+αL)

)
, (1)

here e—electron charge, q—quantum yield,w—samplewidth,
J—density of photons cm−2, τ—electron lifetime, µ—
electron mobility, R—reflection coefficient, E—electric field
created by bias voltage V, s—surface recombination rate, α—
light absorption coefficient. The diffusion length depends on
electron lifetime and mobility according to the well known
relation:

L= √Dτ = √
(
µ
kTτ
e

)
, (2)

where k—Boltzmann constant, T—temperature, e—electron
charge.

We have investigated Si samples fabricated by the mag-
netic Czochralski (MCZ) method. Measurements were per-
formed on two types of samples: strip sensors (0.3 mm thick,
with 8 mm gap between 6 mm wide contacts), and microstrip
sensors (0.3 mm thick, 10 microstrips on each sample, 43 µm
between strips) (figure 1).

The strip samples have been produced by Hamamatsu com-
pany in Japan by the CERN RD50 project WODEAN. The
microstrip samples was of type ‘RD50-20 n-type MCZ’. They
have been produced by CNM, Barcelona, Spain in 2006 on
4 inch n-typeMCZwafers produced byOkmetic, Finland. The
measurements have been performed between the neighboring
microstrips.

The samples were irradiated in the Ljubljana University
TRIGA reactor by reactor neutrons with fluences ranging

Figure 1. The sketch of investigated samples. At left the strip
sample, at right the microstrip sample.

from 1013 up to 1017 n cm−2 (1 MeV neutron equivalent
fluence). The time elapsed between the irradiation and begin
of the experiments was usually one week. However, during
the samples they were kept for two days in a ‘cold box’ which
temperature at delivery was−10 ◦C and we want to stress that
all the time when the samples were not investigated they were
stored in a freezer at about −20 ◦C in order to prevent the
thermal annealing of the created defects. The displacement
damage is originating from the fast neutrons which have a
NIEL which is several orders of magnitude higher than the
thermal neutrons. The sample surfaces were passivated by a
SiO2 layer, which thickness was 800–1000 nm.

The samples were placed in a closed-cycle Helium cryo-
stat (ARSCryo), with the temperature being controlled by the
Scientific Instruments 9700. The current was measured by an
HP4140B electrometer. The samples were optically excited
using a DMR4 double prism monochromator. The measure-
ments were performed keeping the same photon density of
7.8 × 1013 photons cm−2 s−1 at all photon energies. The data
were processed by a PC with a general purpose interface bus
interface.

The I–V characteristics of the samples were nearly linear.
The presented results were obtained at an electric field strength
of 63 V cm−1 in the strip samples and 23 V cm−1 (between
the strips) in the microstrip samples. The measurements of
photocurrent were usually performed first by increasing the
energy of photons and afterwards by decreasing it to avoid pre-
excitation of the samples. In each direction about 1500 read-
ings were taken and the time of the scans in one direction was
about 15–20 min. After the measurement upon increasing the
quanta energy, the samples were left to relax for about∼5 min
under the same excitation, then the measurements in an oppos-
ite direction were started. The differences in these results show
the role of non-equilibrium carrier-induced persistent current,
which was observed in the extrinsic region.

An example of this dependence is presented in figure 2.
The data evidence that the differences in the photocur-

rent taken by increasing photon energy and that measured by
decreasing photon energy disappear above the photon energy
of approximately 0.97 eV. It proves that in the spectral region
of interest, i.e. in the intrinsic photoconductivity region, meas-
urements of the spectra in both directions, i.e. by increasing
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Figure 2. Photocurrent spectral dependencies of the sample
irradiated by 1015 n cm−2. The measurements of the photocurrent
were performed first by increasing the energy of photons and
afterwards by decreasing it. Measurement temperatures and other
details are indicated in the legend. Arrows indicate the scanning
directions.

and decreasing photon energies, are not relevant. Thus, the
spectra presented and discussed below were all measured by
increasing photon energy.

3. Results

According to equation (1) the quantum yield dependence
on photon energy is a main factor defining the photocurrent
spectral dependence in the samples with passivated surface
(i.e. s = 0), if all photons have been absorbed in the sample.
At measurement temperatures this was the case for photons
having the energy above 1.42 eV [7] (i.e. d × α ∼ 0.01).

The spectral dependence of photo response displayed a
classical behavior in the sensors irradiated to a relatively low
neutron fluence (1014 n cm−2) as shown in figure 2. The contri-
bution of deep levels was observed upon below band-gap illu-
mination. In the intrinsic excitation region, the photo response
increased up to the point where, due to the increasing light
absorption coefficient and the influence of surface recombin-
ation, it started to decrease slightly, as shown in figure 3.
Such behavior was also observed in previous experiments
performed after neutron irradiation, see e.g. [8], paid to the
intrinsic photoconductivity region. Figure 3 also demonstrates
the results of analyses using the method of determination of
the deep level optical activation energies, as described in [8].
It proves that the deep defect states are prominent in the irradi-
ated samples, and these states could be effective in the impact
ionization processes as described below.

The photoconductivity spectra were analyzed using the
deep center model with δ-potential (Lukovsky model) [9].
The cross-section of photo-ionization was simulated by the
formula

I∼ m × ∆EM
0.5(hν − ∆EM)

1.5/hν3, (3)

Figure 3. Spectral dependencies of the photocurrent in the strip
sample irradiated by neutrons to a fluence of 1 × 1014 n cm−2

measured at 36 K temperature. Red thick line—experiment, other
numbered lines—modelled influence of the deep levels according to
equation (3).

where∆EM is the optical activation energy of the deep center,
hν is the photon energy and m is the concentration of filled
deep center. The presented contribution of the deep levels to
the photocurrent was evaluated by subtracting the inputs of the
shallower levels.

Figure 3 clearly demonstrates that the photoconductivity
spectra follow the dependencies described by equation (1)with
quantum yield being equal to 1. Characteristically, no photo-
conductivity increase was observed in the samples irradiated
by less than 1 × 1015 n cm−2 fluence in the spectral region
beyond hν > 1.4 eV. The same behavior has been observed in
[8, 10].

However, significant changes of the spectral dependencies
were observed in the samples irradiated by 1 × 1015 n cm−2

and beyond (figure 4). Instead of the saturation of photo
response or its decrease due to the surface recombination at
the photon energy at which all photons are absorbed, i.e. at
photon energies above about 1.4 eV in figure 3, an increasing
photo response with increasing photon energy was observed
above the band gap of Si as shown in figure 4. For the sake
of clarity, the data are presented in both linear and logarithmic
scaling. Following equation (1), the growth of the photocurrent
with increasing photon energy in the high absorption region of
the spectrum could be explained by an increase of the quantum
yield. Such a dependence is clearly seen in the samples irradi-
ated up to 1× 1015 and 3× 1016 n cm−2. In the other samples
this process starts at even lower photon energies. At the exper-
iment temperature the bandgap of Si is 1.19 eV [11], thus at
lower photon energies the extrinsic photocurrent can be caused
only by excitation from deep states in the band gap. A com-
parison of extrinsic photocurrents in, e.g. [8, 10], had proved
their dependences on the deep level densities in the samples
irradiated to various neutron fluences. The intrinsic photocur-
rent, according to equation (1), should also be dependent on

3



J. Phys. D: Appl. Phys. 55 (2022) 395104 J V Vaitkus et al

Figure 4. Spectral dependencies of the photocurrent in the microstrip samples irradiated by different neutron fluences as indicated on
figures: 1–1 × 1015 n cm−2; 2–1.5 × 1016 n cm−2; 3–3 × 1016 n cm−2 and 4–1 × 1017 n cm−2. (a)—linear scale, (b)—logarithmic scale.
Measurement temperatures are given in the legend. Note that on the left figure 3(a) black and blue data are multiplied by factors of 5 and 16
respectively for the sake of clarity. The thin arrows show the approximate photon energies at which the quantum yield increase starts, and
the thick arrows mark the photon energy beyond which all photons are absorbed in the sample.

Table 1. Thresholds of the quantum yield increase and minimal electron impact ionization energies evaluated in different
samples and measurement temperatures. The bandgap of Si was obtained by the well-known approximation:
Eg= 1.166− 4.73× 10−4 × T2/(T+ 636) [10].

Fluence (n cm−2) T, K Threshold (eV) Bandgap (eV)
Minimal electron impact
ionization energy (eV)

1 × 1015 33 1.497–1.509 1.165 0.34
120 1.524–1.528 1.157 0.37
195 1.524–1.532 1.144 0.38

1 × 1016 21 1.461–1.466 1.1657 0.30
120 1.524–1.541 1.157 0.38
195 1.541–1.549 1.144 0.40

1.5 × 1016 32 1.42–1.44 1.165 >0.26
3 × 1016 21 1.519–1.524 1.1657 0.36

32 1.511–1.528 1.165 0.36
50 1.537 1.164 0.37

100 1.554 1.160 0.39
1 × 1017 34 >1.42, 1.524 1.165 >0.26, 0.36

the lifetime and mobility of the charge carriers; however, they
do not contribute to the spectral dependencies in the samples
with passivated surfaces.

It is seen in figure 4 that the quantum yield starts to grow
well above the bandgap as indicated by the thin arrows in the
samples irradiated to 1 × 1015 and 3 × 1016 n cm−2. This is
well pronounced but in the other samples the quantum yield
increase start was difficult to establish as it started at lower
photon energies at which all photons have been absorbed. At
this region it is a superposition of the intrinsic and extrinsic
mechanisms of the photocurrent, that did not permit to eval-
uate the photon energy at which quantum yield increase star-
ted. In such cases, in table 1, which presents all results, val-
ues were given for photon energies at which all photons have
been absorbed (the thick arrows in figure 4), marking that
the true values could be lower. A more complicated case was
encountered in the sample irradiated by 1 × 1017 n cm−2,

which had two regions where the quantum yield increases:
the quantum yield increase started at photon energy less than
1.42 eV (the thick arrow at figure 4), and the additional
quantum yield increase beginning could be set at photon
energy approximately equal to 1.52 eV.

The quantum yield increase can happen if an electron, gen-
erated in the conduction band and having the excess energy,
would relax to an energetically lower state in the conduction
band exciting another electron from the defect state into the
conduction band. Such impact ionization would lead to an
increase in the carrier density (carriermultiplication), inducing
in this way a sharper growth of the photocurrent. Following
the model presented in the discussion below, deep levels had
to participate in this process. The energies of the levels, that
could participate in the impact ionization, were obtained by
subtracting of the Si bandgap width from the average value of
photon energies at which the thresholds of the quantum yield
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increase were identified. The thresholds of the quantum yield
increase and the energies of the levels that were taking part in
the impact ionization are presented in table 1.

4. Discussion

The increase of the photo-response at photon energies above
the bandgap of Si can occur only due to an increase of the
quantum yield. Previous publications have demonstrated an
increase of the quantum yield upon excitation by photons with
energy above approximately 3.2 eV [12–14], and a reasonable
agreement between the experimental values and the theoret-
ical spectral dependence has been obtained [15]. The energy
of the electron–hole pairs creation equal to 3.6 ± 0.3 eV [16]
was also established, and this value corresponded to the value
obtained theoretically [17]. In this and other analysis of this
phenomenon [15, 17, 18] an electron, which has excess energy,
relaxes to an energetically lower state inducing excitation of a
valence band electron into the conduction band. This impact
ionization causes an increase of the carrier density (carrier
multiplication). The same mechanism is valid also for holes.
In semiconductor structures, these relaxation channels follow
the restrictions imposed by energy and momentum conserva-
tion, therefore energy exceeding the bandgap is necessary, due
to the bandgap energy dispersion.

In our study the threshold of the quantum yield increase
as function of photon energy occurred at a much lower energy
than observed in earlier works [12–14]; therefore, a newmodel
of impact multiplication of free electrons is proposed.

The mechanism of the impact ionization should be con-
sidered as the inverse of the Auger recombination [18, 19].
In this process, a high energy electron impacts an electron on
an impurity level and loses its energy exciting the latter. As
a consequence, both electrons will eventually be found close
to the minimum of the conduction band. Logically, only elec-
trons with energy exceeding the energy of the impurity ground
state may take part in the ionization process [19].

Therefore, impact ionization could occur at lower energies
than in the intrinsic case, and the minimal electron impact ion-
ization energy corresponds to the activation energy of the deep
level involved. As the process in which the deep local levels
participate has no restrictions imposed by momentum conser-
vation, a lot of impact trajectories are possible. Figure 5 shows
one of them.

Clearly, this kind of impact ionization depends on the con-
centration of filled levels and the energy levels of states tak-
ing part in this process, and so it can be different in different
samples. Thus, experimentally it appeared to be a problem to
find the states participating in the process. E.g. an analysis of
the deep level spectra in similar Si samples irradiated beyond
1015 n cm−2 [11] did not reveal any filled levels in the bandgap
that could take part in the impact ionization process. Our task
was, therefore, to identify the states participating in the impact
ionization process.

As the increase of the quantum yield was most prominent
in Si irradiated to very high neutron fluences, the conclusion

Figure 5. Possible transitions to achieve impact ionization via deep
defect levels induced by neutron irradiation. Step 1: photon excites
an electron (green line); step 2: electron (black dot) impacts an
electron at a local level and excites it into the conduction band,
landing itself also in the conduction band minimum (red arrows);
step 3: photon-excited electron (yellow line) restores the occupancy
of the local level.

might be drawn that disordered regions in Si crystals inevitably
take part in the impact ionization. An investigation of carrier
mobility in Si irradiated above 1016 cm−2 fluence identified
peculiarities related to the material disorder [20].

High energy hadron interactions with the Si lattice are
known to result in the transfer of hadron momentum to the
Si lattice atoms creating, due to multiple collisions, a charac-
teristic tree-like structure with several sub-clusters [21]. It has
also been shown that neutrons tend to produce isolated dense
vacancy clusters with a much lower number of point defects
[21]. The electron states in the extended defect regions have
been studied by means of computer simulations [22, 23]. It
was shown that vacancy clusters in disordered Si create deep
energy levels within the bandgap [22–24]. Deep multilevel
electron states localized within amorphous disordered regions
both with and without vacancies were predicted by density
functional theory (DFT) simulations [24].

Clusters of various sizes could be created by a high energy
particle (HEP) after collision. To be sure that the small
clusters also create deep states in the band-gap, the simula-
tion of the small (∼1 nm size) cluster was performed [25]
and is presented in the annex. The results confirm exist-
ence of the defect levels in the bandgap of Si in such small
clusters.

Thus, the results confirmed existence of the defect levels
in the bandgap of Si for many cluster types and, based on
results presented in [22–27], the proposed model explains
the observed quantum yield enhancement caused by the non-
equilibrium carriers. The increasewith temperature of themin-
imal electron impact ionization energies (table 1 and figure 6)
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Figure 6. Dependence of the minimal electron impact ionization
energy on temperature.

is consistent with the model. At higher temperatures more
shallow levels can be emptied and the minimal electron impact
ionization energy would increase.

The lack of a direct dependence of minimal electron impact
ionization energies on the neutron fluence (table 1) and the
quantum yield dependence on the photon energy in samples
irradiated to different neutron fluences (figure 3) may be
related to the stochastic nature of cluster creation and size
distribution. It is clear that the density of defect states in dis-
ordered regions is high in the highly irradiated samples, thus
they should contribute to the observed effects. Potentially the
high efficiency of carrier multiplication in the LGAD detector
that exploit deep implants [28] could be influenced by defects
related to the disordered layer caused by the ion implanta-
tion. Creation of deep levels during the ion implantation was
observed in [29]. A possible influence of the impact ionization
has also been observed in disordered materials [30].

5. Conclusions

• An enhancement of quantum yield was observed in Si irra-
diated by neutrons to fluences of 1× 1015 n cm−2 and above
upon intrinsic light excitation.

• This effect could be attributed to the impact ionization via
deep levels, presumably related to the defect clusters in the
disordered regions of the irradiated Si samples.

• A decrease of the energy required for impact ionization
(by more than an order of magnitude) should increase the
efficiency of detectors irradiated by high fluences. LGAD
detectors with their deep implants probably do exploit this
effect but do not explicitly take it into account [28, 31].
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Annex

The results of simulation of the kind of small (∼1 nm size)
cluster [25] that might exist in our case, too [21], demonstrate
that this type of defect cluster also gives rise to a multilevel
energy spectrum within the silicon bandgap. An example of
such a cluster is shown in figure 7.

The central region of the cluster consists of disordered
amorphous-Si like structure generated by ions randomly shif-
ted from their ideal positions. On the opposite sides of the
amorphous region, three vacancies and three interstitial ions
are placed. A somewhat similar damage structure caused by an
HEPwas obtained from simulations with TRIM software [32],
where it was shown that the vacancy and interstitial enriched
regions are spatially separated, and create the dipoles that are
important in scattering and recombination of carriers [11, 20].
After the structure generated is allowed to relax, using the DFT
molecular dynamics algorithm, down to 0.02 eV Å−1 max-
imal atomic force tolerance, the electron states energy levels
are finally calculated. The density of states (DOS) obtained
for the relaxed structure pictured in figure 7 is shown in
figure 8. It was used a relatively simple DFT procedure suf-
ficient to provide a qualitative picture of the electron states,
using the ORCA quantum chemistry program [33] and applied
resolution of identity simplification to speed up simulations.
The split valence wave-function basis sets SVP (polarized
valence double-zeta basis set) and SV/J (accurate Coulomb fit-
ting basis for the SVP basis) and the Becke and Perdew [34]
exchange–correlation potential BP86 were used in the DFT
calculations. The cluster of 165 Si ions with additional 100
H ions necessary to saturate broken outer Si–Si crystal bonds
was chosen for simulations. The ideal structure simulation res-
ulted in a 2.38 Å (Si–Si) bond length and 2.3 eV semicon-
ductor forbidden band gap. We have simulated 20 disordered
clusters, expecting to find some common statistical features of
the calculated energy levels, however all DOS graphs obtained
revealed no significant feature except a random distribution of
the energy levels within the forbidden band-gap, as shown in
one of examples in figure 8.

It was found that the small relaxed amorphous clusters
give rise to states with energy levels closer both to the
valence and conduction bands. Therefore, we conclude that the
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Figure 7. Structure of a small disordered cluster in the crystal
damaged by a High Energy Particle (HEP). The arrow shows the
incidence direction of HEP. The black spheres are placed at the
vacant ideal crystal positions and magenta spheres mark interstitial
Si atoms.

Figure 8. Density of states and the Highest Occupied Molecular
Orbital (HOMO) energy levels in fully relaxed crystal structure.
The red curve represents the energy states in an ideal Si crystal,
while the black one demonstrates the effect of defect clusters in the
band gap of the highly irradiated crystals.

additional vacancy and interstitial enriched regions adjacent to
an amorphous region prevent its full relaxation, resulting in
dense multilevel spectra within the bandgap.
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