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Abstract

Effects of neutron radiation on electrical properties of Si detectors have been studied. At high neutron fluence {<pn

> 1012 n/cm2), C-V characteristics of detectors with high resistivities ( p a l kn-cm) become frequency dependent. A
two-trap level model describing this frequency dependent effect is proposed. Room temperature anneal of neutron
damaged (at LN2 temperature) detectors shows three anneal stages, while only two anneal stages were observed in
elevated temperature anneal.

Introduction

It is well known that, upon neutron exposure, silicon
junction detectors experience changes in their electrical
properties. These changes include detector leakage
current degradation [1-4] and carrier removal or dopant
compensation [3]. For an annual fluence of fast neu-
trons of about 1012 n/cm2, (the SSC value) the leakage
current density in a typical 300 jxm thick detector is
expected to go up more than 2 /xA/cm2 [1]. At this
fluence, capacitance-voltage (C-V) characteristics of a
detector using high resistivity Si (typical resistivity: p =»
2 - 6 kn-cm) may also deviate from the normal V1/5

dependence. This change in C-V characteristics, which
will be described in this work, results from changes of
detector material parameters such as effective dopant
density, levels of defects and their concentrations, which
are in turn closely related to the detector electrical
properties. In this work, a systematic study of neutron
irradiated Si detectors Las been conducted, which
includes the increase of detector leakage current as a
function of neutron fluence, dependence of damage
constant on detector resistivity, frequency dependent C-V
effect as a function of detector resistivity and neutron
dose, room temperature (RT) and elevated temperature
anneals of irradiated detectors, and deep level transient
spectroscopy (DLTS). A model describing both the
frequency dependent C-V effect and dopant compensa-
tion is also proposed.

Experimental Method

The Si p+-n junction detectors used in this study were
made on n-type <111> wafers, with resistivities

'This research was supported by the U. S. Department
of Energy: Contract No. DE-AC02-76-CH00016.

ranging from 10 n-cm to 30 ka-cm. The neutron source
used for low fluence ( < 1 0 u n/cm2) is a 16Ci PuBe that
is certified to yield 3.68xl07(±3%) n/sec of ^ ( a . n )
neutrons which have an average energy of about
4.5 MeV. At 5 cm this source produces a flux of 1.06 x
10s n/cm2-sec. For high fluence (up to 1013 n/cm2), fast
neutrons from 10 keV to 2.2 MeV were obtained from
the 7Li(p,n) reaction using 4 MeV protons from a van de
Graaff accelerator, with the flux of about 4.5x10* n/
cm2-sec. Various groups of detectors were exposed to
neutron radiation up to the fluence of 8xl0' 2 n/cm2.
Detectors used for RT anneal study were irradiated at
liquid nitrogen (LN^ temperature and were kept at this
temperature immediately before the measurements. A
rapid thermal process (RTP) was used for elevated
temperature anneal. Anneal ambients were N2 and
forming gas (4% HVNj), and anneal times are 20 sec and
1 min. All I-V and C-V measurements were done at RT.
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Increase of detector volume leakage current with
fast neutron fluence up to 8xlO12 n/cm2. A
linear fit is also shown.



Results and Discussion

Leakage Current

Data presented in Fig. 1 is the average volume leakage
current increase (averaged over detectors with resist-
ivities from 10 n-cm to 4 kn-cm) as a function of neu-
tron fluence <*>„. As it is shown in the figure, detector
leakage current goes up nearly linearly with neutron
fluence over the range of 1010 n/cm2 to 1013 n/cm2.
Figure 2 shows the dependence of damage constant K
(defined as 1/TA = 1/TW + <pJK, where rh is the minori-
ty carrier life time) on Si resistivity with a two-Shockley-
Read-Hall-level fit [1]. Little resistivity dependence,
particularly when p s 5 kn-cm, has been found.
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Fig. 2. Two-level fit of the data of damage constant as
a function of detector resistivity.

'Since the ratio of defect concentration and dopant
concentration N, /Nd is proportional to <pn , one can
conclude that this degree of frequency dependence is
strongly dependent on N, /Nd . This argument is also
supported by the data shown in Fig. 5, where the C ( / )
measurements for silicon detectors with various resist-
ivities have been plotted. For low resistivity silicon
detectors, where N,/Nd < 1, little or no frequency
dependence has been observed.

a) Neutron irradiated to the Muanca or 7.0 E10/cm2

S

b) Neutron irradiated to the fluence Of 7.8 E12/cm2

Frequency-Dependent Capacitance

As it is seen in Fig. 3a, the detector C-V characteristics
are frequency independent up to the neutron fluence of
7xl010/cm2, which is in good agreement with the data
presented by Vismara [5]. Figure 3b shows the frequen-
cy-dependent C-V curves after the detector was exposed
to a neutron fluence of 8xlO12 n/cm2. At this fluence,
the detector high frequency (f > 50 kHz) C-V character-
istics become essentially bias-independent, equaling the
detector geometrical capacitance, eSieo/dSi>Area. It is
interesting to note that the full depletion voltage, Vd,
over the entire wafer thickness, dSi = 300 /xm in this
case, has been reduced from about Vd =« 60 volts to about
20 volts, indicating a nearly 60% dopant compensation.

Figure 4 shows the values of the detector capacitance at
a given voltage as a function of measuring frequency,
C(f), with neutron fluence </>„ being the parameter. It is
clear that the degree of the dependence of capacitance
on frequency is affected strongly by neutron fluence <*>„.

Fig. 3. Detector C-V characteristics at various frequen-
cies of detectors irradiated to the neutron
fluence of a) 7.0xl010/cm2; and b) 7.8xlO12/cm2.
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Fig. 4. Data of detector capacitance (at 3.0 V) vs
frequency as a function of neutron fluence.
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Fig. 5. Data of detector capacitance (at 3.0 V) vs
frequency as a function of Si resistivity.

Fig. 6. Energy band diagram for the proposed two-level
model describing the observed frequency-depen-
dent C-V effects.

C(w,V) Model

Frequency-dependent C-V effect was usually modeled in
the literature by using one defect level that is responsible
only for split of C-V curves with frequency, but not the
dopant compensation. A new model describing both the
effects of frequency-dependent C-V characteristics and
dopant compensation is proposed in this study. As it is
shown in Figure 6, two acceptor-like trap levels are used
in this model. Trap level number 1, denoted as £„ , Nn,
<ptl, etc., is assumed to obey the Fermi-Dirac statistics
with the Fermi level being the quasi-fermi level for
electrons EFn, and accounts for the frequency dependence
in the model. In the formulism, E is the level energy, N
is the level concentration, and <p is the difference
between £ and fermi level (EF - E,). The second trap,
denoted as Ea, Na, <f>a, etc., is assumed to obey the
Fermi-Dirac statistics with the Fermi !evel being the
quasi-Fermi level for holes, and accounts for the dopant
compensation [6]. This model is more extensive than the
early one proposed by Sah, et al. [7] because it takes into
account both the frequency dependence of trap density
at x = x(1 to the small ac signal and the effect of dopant
compensation. Since all solutions are in their analytical
forms, it gives physical insights more clearly than those
derived from numerical models [9-10]. There are ether
models in the literature that simply do not explain the
effect of voltage-independence of capacitance measured
at high frequencies [10-14].

The junction capacitance as a function of angular
frequency u> = 2nf and voltage V can be derived as
(details of the model will be published elsewhere [IS]):

AX? ^

**Xi (1)
AX

Where Nd' = Nd - Nn is the compensated dopant
density, Wn is the depletion width (into the n-side of the
junction), and A/(1(w), Nl2(io) are frequency-deperdent
defea densities related to equilibrium defect densities
Nn, Na and time constant T,, and T,2 as follows:

(2)

Quantities xa, xa, Cx,xlbxa and Wn are obtained analyti-
cally by solving the Poisson equation:

d2<t>-4

0 x<-Wp

(3)
^ 2 < j : %



a) No defect (control)

b) With defects

Fig. 7. Calculatedfrequency-dependentC-Vcharacteris-
tics with a) No defects (control); and b) two
defect levels.

Figure 7 shows C(u>,V) curves calculated by the model
using Eq. (1), Eq. (2) and Eq. (3). Values of <pn and <pl2

used in the calculations are 0.2 V and 0.4, respectively.
Other parameters used in the calculations are listed in
the figure. As it is shown in the figure, C(u>,V) curves
predicted by the model are in good agreement with data
shown in Fig. 3. Figure 8 shows the degree of the C-V
frequency dependence as a function of NlX/Nd', while it
is demonstrated in Fig. 9 that the transition frequency/,
is approximately proportional inversely to the time
constant of trap 1, i.e.,/)~ 1/T(1.
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Fig. 8. Calculated C-f plots as a function of N,,INd'.
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Fig. 9. Calculated C-/ plots as a function of T,;. The
transition frequency/, is 1/T,;.

A good agreement between the experiment data and
calculation is illustrated in Figure 10, where calculated
C vs . / and data of a p+n detector with 3 ka-cm resistiv-
ity have been plotted. The model predicts that T,, =
4xlO'5sec in this case.
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Fig. 10. Comparison between calculated and measured
C-/data.

Figure 11 shows data of the deep level transient spec-
troscopy (DLTS) of a neutron irradiated Si detector.
Two electron traps (Ec - 0.4 eV and Ec - 0.55 eV) and
two-hole traps (£,,+0.3 eV and Ev + 0.54 eV) were
found. The first electron trap, Ec - 0.4 eV, may be
identified as a double vacancy center (V-V) and/or
phosphorus-vacancy center (P-V). The deeper hole trap,
Ev + 0.3 eV, may be responsible for dopant compensa-
tion as it is the second level proposed in the model (Fig.
6). The energy of another electron trap, Eg, was not
determined. It may be a V-V center in a different charge
state.



DLTS of a n-radiated detector
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Fig. 11. A typical DLTS plot of a detector damaged with
a neutron fluence of 4.0xl012 n/cm2.
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Fig. 12. Room temperature anneal data of detectors
neutron damaged at LN2 temperature. A three-
term fit is also shown.

RT Anneal

Three time constants have been observed during RT
anneal of neutron irradiated detectors. Figure 12 shows
the RT anneal data of a group of five detectors
irradiated at LN2 temperature. A three-term fitting

(///0
Tane T") curve is also plotted in the figure.

It is found that adding or taking away a term in the
fitting would only make the fitting much worse. It is
clear that in the first anneal stage (the first 10 min)
about 30% of the total damage (in terms of leakage
current) is annealed out. In the next 2-3 days, another
25% of the total damage no longer exists. In one and
one-half years, only 20% of the total damage will be left.
The longest time constant observed here, T = 5 8 8 days,
agrees very well with that observed by Lindstrom, et

al. [16], where a value of T = 5 6 3 days was reported.
However, since our radiation was done in liquid nitrogen
and detectors were kept there immediately before
measurements, we are able to observe true short term
annealing effects which cannot be observed if R l self-
annealing is taking place during radiation. In the first
anneal stage, the net current decrease of a detector
damaged with neutron fluence of 8xlO12 n/cm2 has been
found to be: AJ = 600 /nA/cm3 x 30% = 180 jiA/cm3.
If this leakage current recovery is associated with the
annealing of one single level of the traps, one can obtain
the minority carrier generation lifetime (rA) of this trap
level using,

A/ » -L W
2rh

where n-t = 1.0xl010/cm3 is the Si intrinsic carrier density
at RT (293 K). The total trap concentration of this
level, N,, can then be obtained using

AT. (5)

Where a is the trap cross section and v r the electron
thermal velocity. Using a typical value of 5xlO"15 cm2 for
a and 9xlO7 cm/sec for v r at RT, and Eq. (5), one
obtains that in the first 10 min of RT anneal, as much as
N, = 5xiOu/cm3 of traps of a single level have been
annealed out. This level may be related to vacancy-
boron (V-B) complex since: a) There are enough
borons in Wacker high resistivity n-type silicon (typical
values: Np = 8xlO12/cm3, NB « 2.5xlO12/cm3, [17]), and
b) V-B defect complex has been observed to anneal o l
at about 270 K in 15 min [18].
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Fig. 13. Elevated temperature anneal data of neutron
damaged detectors to the fluence of lxlO12 n/
cm2. Anneal ambients were N2 and forming gas
(4% H2/N2) and anneal time was one minute.



Elevated Temperature Anneal

Figure 13 and Fig. 14 are the data of the effect of
elevated temperature anneal on detector leakage current
The anneals were performed in two ambients: N2 and
4% HVN;, and no ambient effect was observed. Two
anneal stages around T = 15CPC to 300°C were observed
throughout the experiment. As is shown in Fig. 13, the
first anneal stage is between 100°C to 200°C and the
second stage is between 200°C to 300°C. Since these
detectors were kept in RT atmosphere for about a day
before being annealed at elevated temperatures, the
anneal stages we have seen here are probably the
annealing out of the level that have RT annealing time
constants of about 3 days and 1.6 years, respectively.
The level in the first anneal stage may be identified as V-
P complex and the level in the second anneal stage may
be identified as V-V complex, since V-P has been
observed to anneal out at 150°C and V-V to anneal out
at 300°C [19].
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Fig. 14. Elevated temperature anneal data of neutron
damaged detectors to the fluence of 4.0xl012 n/
cm2. The anneal conditions are one minute in
forming gas ambient.

Conclusion

In the neutron fluence range of 1010 n/cm2 to 1013 n/cm2,
silicon detector leakage current goes up nearly linearly
with neutron fluence. A small dependence of damage
constant on silicon resistivity has been observed. This
dependence may be related to the V-P complex after
radiation. Considerable information about trapping
nature of radiation induced defects can be obtained from
the frequency dependence of the C{V) characteristics of
junction diodes (silicon detectors), specifically, defect
densities can be determined by the degree of this fre-
quency dependence and the defect time constant (or

Three RT anneal stages have been observed. The first or
the fastest ( -10 min) anneal stage may be related to the
annealing out of V-B complex. The annealing stages
observed at elevated temperature is probably the anneal-
ing out of the levels that are to anneal out in about 3
days and 1.6 years at RT, respectively.
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