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Modeling of Semiconductor Detectors Made of
Defect-Engineered Silicon: The Effective
Space Charge Density
A. Saadoune, S. J. Moloi, K. Bekhouche, L. Dehimi, M. McPherson, N. Sengouga, and B. K. Jones

Abstract—The effective space charge density Neﬀ is the average
density of carriers over the depletion layer in a semiconductor
diode and is measured from the capacitance–voltage curve extrapolated to full depletion Vd . Full semiconductor modeling has been
performed for PIN diodes made of materials with a large density
of generation–recombination (g–r) centers, such as irradiated or
semi-insulating semiconductors. The results show that this extrapolation method can give incorrect values for the introduction rate
of charged traps and g–r centers with large irradiation fluence.
This is because the introduction of midgap g–r centers moves
the Fermi level toward midgap which allows existing traps to
change their ionization state. We propose an alternative approach
to evaluate the effective density from the C–V characteristics
without the need to evaluate the depletion voltage.
Index Terms—Diode, modeling, radiation damage, semiconductor, semi-insulating.

For convenience, we introduce the terminology of Deep Donors
(DD) and Deep Acceptors (DA), states that are further away
from their respective band edges, as well as Less Deep Donors
(LDD) or Less Deep Acceptors (LDA) which are closer to the
respective band edges, but are not permanently ionized.
Let us first state the lifetime or textbook result of capacitance
measurements. Using the parallel-plate concept [13]
C=

W
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(1)

where ε0 is the permittivity of free space, K is the relative permittivity of the dielectric between the plates, A is the plate area,
and l is the plate separation. The ac or differential capacitance
of the depletion region of a semiconductor is the rate of change
of charge with voltage which is approximated [1] as

I. I NTRODUCTION
E have been studying the effect of a high density of
generation–recombination (g–r) centers on the electrical properties of PIN diodes. These are midgap states which
interact approximately equally with the conduction and valence
bands. A high concentration of these states changes the material
properties from the common lifetime semiconductor [1] to a
relaxation semiconductor [2] with different properties. These
effects have been studied experimentally [3]–[6] and also by
modeling and simulation [7]–[10].
Of particular interest in this work is the fact that, for an
intrinsic layer which is initially lightly n-type, the presence
of the g–r centers and the generation or recombination of free
carriers pulls the Fermi level toward the midgap position [11],
[12]. The movement of the Fermi level does not affect the
occupation of the shallow donor or acceptor states far away
from midgap but have a significant effect on states near midgap.

ε0 KA
l

C=

ε0 εA
W

(2)

where ε is the relative permittivity of the semiconductor, A is
now the active area of the depletion region, and W is the width
of the depletion region given [4] as

 12
ent
1
=
(3)
W
2εε0 (V − Vbi )
where e is the electronic charge, nt is the space charge density
which represents the dielectric, and Vbi is the built-in voltage.
For the case of uniform space charge density, nt is equal to ni ,
the intrinsic carrier density. The diode capacitance is given by
substitution of (2) in (3) as
1
2(V − Vbi )
= 2
C2
A eni εε0

(4)

where A is now the active area of the diode, usually estimated
as the size of the detection area. Thus, a plot of 1/C 2 against
V gives the values of Vbi and ni . For silicon, Vbi is about 0.5 V
and is usually neglected.
In the case of nonuniform space charge density, we obtain
a value for the average or effective nt , referred to as Neﬀ , if
we take the spot value when the capacitance reaches its low
saturation or depletion value. At this point, C = Cd at V = Vd
when W = d, the full depletion (or geometric) width of the
diode. Then
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Vd − Vbi =

ed2 Neﬀ
2εε0

(5)
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by rearranging (3), where subscript d denotes full depletion.
It should be remarked that this textbook result uses many
simplifying approximations for the diode and also assumes the
simplicity of a lifetime material. A more detailed discussion has
been given earlier [9].
II. T HIS W ORK
The modeling was carried out using the package Kurata [14].
The PIN diode is a P+ N− N+ structure with a long N− or
intrinsic layer. The structure is divided into M points along the
x-axis. A higher density of points was used near the metallurgical junctions. The program uses an explicit integration method
to solve the 1-D Poisson, current density, and continuity equations for electrons and for holes using full Shockley–Read–Hall
statistics. The variables computed are the electron density n,
the hole density p, and the potential V at each mesh point of the
structure. Nearly similar work has been done recently [15] on
PIN photodiodes.
The initial values of n and p are simply the corresponding
doping densities. That is, in the p-region, p = NA and n =
n2i /NA , whereas in the n-region, n = ND and p = n2i /ND .
The boundary conditions are as follows: at the far end of the
P+ contact, p = NA , n = n2i /NA , and V = 0 (the reference
voltage), whereas at the far end of the N+ contact, n = ND ,
p = n2i /ND , and V = the applied voltage. Here, NA and ND
are the acceptor and donor densities. A schematic of the sample
structure is given later.
The modeling package has been used for other investigations
before: the I–V [7], E–V [8], and C–V [9] characteristics.
It must be noted that the capacitance calculation requires a
different approach for relaxation semiconductors compared
with lifetime semiconductors. The calculation is not a simple
parallel-plate case, and there are considerable concentrations of
free charge carriers. In addition, note that this is a dc or static
capacitance.
The experimental results on real samples, particularly those
with significant and uncontrolled densities of defects, are found
to be frequency dependent because deep traps can respond fully
to the ac excitation signal [4], [16], [17]. Because the emission
and capture processes are thermally activated as well, there
is also corresponding temperature dependence [4], [16], [17].
A comparison with the model should therefore only be made
with the low-frequency and/or high-temperature experimental
data.
III. S AMPLE
The analysis was carried out for a 350-μm silicon P+ N− N+
structure with 1 × 1011 cm−3 shallow donors (N− ). The nonintrinsic regions are P+ (NA = 1015 cm−3 ) between 0 and 30 μm
and N+ (ND = 1015 cm−3 ) between 320 and 350 μm. Fig. 1
shows a schematic of the structure.
The sample is long in the sense that much of the excess
charge distribution at full depletion is in small areas of the
contacts near the junction ends. The contacts are made deep
so that there is no significant depletion at x = 0 μm and at
x = 350 μm. We assume sharp metallurgical junctions, mainly

Fig. 1. Schematic of the PIN diode showing the dimensions of the structure
and doping densities.

because we have established that the more realistic graded
junctions make little difference to the results since the junction
region itself is mainly depleted. This means that the details of
the contact do not matter much. The temperature was assumed
to be 300 K, room temperature.
The intrinsic carrier concentration at room temperature is
ni = 1.45 × 1010 cm−3 , whereas the dielectric relaxation time
is τD ∼ 10−9 s. Thus, the relaxation criterion is reached for a
value of the g–r center density of Ng−r ∼ 1016 −1017 cm−3
using τ −1 = συth Ng−r , where υth is the thermal velocity of
carriers. A typical value of 10−13 cm2 is used for the cross
section σ [18]–[20], and the centers are at midgap, which is
0.56 eV for silicon, which has Eg = 1.12 eV. Results of a
similar analysis have been given before for the current–voltage
characteristics [7]. Although a few parameters are different, a
basic behavior of the present simulation can be seen in the
results of [7].
In the simulation, the cross sections are set at σn = σp =
10−13 cm2 when the energy is ELDA = 0.30 eV for the less
deep acceptor. The cross sections are set at σn = 10−14 cm2
and σp = 10−12 cm2 for the deep acceptor at energy of EDA =
0.70 eV. It must be noted that ELDA is further away from
midgap, whereas EDA is very close. This situation will determine the behavior of the carriers from these traps and, thus, the
effective density.
IV. R ESULTS AND D ISCUSSION
The calculations demonstrate various effects which may be
observed in real samples. These represent simple special cases
because there are too many variables for a wider investigation. The aim of these calculations is to show that, in some
cases, care must be taken in the use of Vd to obtain Neﬀ
and the interpretation of the value obtained. Any conclusions
drawn from the results obtained must be emphasized to be
approximate. In a similar manner, any modeling results must
be interpreted with caution for the mere fact that the model
presents simplified cases. The emphasis must be on the use of
both results to complement each other in order to attempt to
analyze the complex relaxation material.
Let us consider the band diagram of the long PIN diode
using a lightly doped n-type material with shallow donors and
with a single type of trap. In equilibrium, there is a single
Fermi level that is constant throughout the diode. In the (near)
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Fig. 2. (a) Calculated C–V characteristics for a diode without any traps, but 1011 cm−3 shallow donors, as the density of g–r centers increases.
(b) Experimental C–V data of an irradiated silicon PIN photodiode.

intrinsic material, the Fermi level is set by the partial ionization
of the shallow donors and the traps to give charge neutrality,
and the condition is np = n2i . This condition dominates charge
transport in the diode [21].
Once a voltage is applied, the single Fermi level separates
into two quasi-Fermi levels. In reverse bias, the hole Fermi level
moves up toward the conduction band, whereas the electron
Fermi level moves down toward the valence band. As the quasiFermi levels separate further, a larger number of traps in the
energy gap become positioned above the respective Fermi level
[18] and thus become ionized. The reverse bias draws out the
ionized free carriers to leave behind ionized fixed traps. In this
situation, there are no free carriers.
The value of Vd is determined from the fixed traps, whereas
that of Neﬀ is found from the free carriers released from these
traps. It is worth remarking that Neﬀ is the average trap density
as stated earlier. Thus, by definition, Vd determines Neﬀ [4].
The opposite is true as well. In a real-life device, this situation
becomes complicated by the existence of other impurities that
contribute to the current to make the number of free carriers not
equal to the number of fixed traps. All types of carriers then
contribute to Neﬀ .
If there is irradiation, represented by an increased value of
Ng−r , the material tends to relaxation-like; thus, the statistics
change, and the conditions become np = n2i and nμn = pμp ,
where μ is the carrier mobility. This condition results in a single
Fermi level near midgap. Thus, when the material becomes
relaxation-like, we have (using donors as an example) four
types of carriers that contribute to the space charge. These are
the partially ionized traps between the conduction band and
midgap, the less deep donors and less deep acceptors near the
band edges, and the free carriers from any point in the band
gap that are not fully removed. However, the g–r centers are
dominant to pull the Fermi level to midgap [5]. In this case, the
Fermi level is not affected anymore by the incident radiation
[11]. The material has become radiation hard.

A. C–V Characteristic
The log C− log V curves are usually used for a linear extrapolation of the voltage dependence of the capacitance to
the saturation or full depletion capacitance. These curves are
presented in Figs. 2(a), 4, and 5 for the simulation process
for different cases. For comparison purposes, in Fig. 2(b), we
present experimental data for two irradiations on a silicon PIN
photodiode. If there is a high density of g–r centers and traps,
the experimental curve ceases to be linear or has a slope of −1/2
expected by the simple theory of a uniformly doped lifetime
diode. A peak may appear at low voltages, and the transition
to a constant value at high voltages may be gradual. These are
expected from the theory of such diodes made from a relaxation
material [22].
The increase in the density of g–r centers in Fig. 2(a) corresponds to an increase in radiation damage, and this is shown by
the pointer. The curves saturate at each end of the Ng−r scale
with the most change taking place near Ng−r = 1016 cm−3 .
The experimental curve in Fig. 2(b) shows a similar trend with
saturation of the capacitance setting in at around 40 V. Below
this voltage, the curves are rather noisy, showing the effects of
those carriers that are not easily drawn out by the low voltage.
However, once saturation has occurred, the sample is at full
depletion, and relaxation behavior of silicon ensues.
We have analyzed the data in Fig. 2(a) in a different way
to show the saturation and the steep change around the point
where relaxation occurs. This analysis is shown in Fig. 3 for
a constant V [plot (a)] and for a constant C [plot (b)]. The
change in slope occurs because of the high density of free
carriers, rather than a fixed ionized donor space charge. The free
carriers are e−h pairs generated from g–r centers that cause the
relaxation condition. Note that the value of Vd does not change
much. This is because the generated e−h pairs are easily drawn
out by the applied voltage such that they give no net effective
space charge at full depletion. Thus, they do not have much of
an effect in the bulk.
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Fig. 3. (a) Calculated C−Ng−r for a constant voltage. (b) V −Ng−r for a constant capacitance derived from Fig. 2(a). The sudden change in either case signifies
the point around where relaxation sets in.

Fig. 4. Change of the C–V characteristics for a concentration of 1013 cm−3
of a less deep acceptor at ELDA = 0.30 eV as the density of g–r centers
increases.

The saturation on either side of the Ng−r scale is an indication that the effect of radiation is initially not apparent
from the plots. This is because, at early stages, the radiation
works to reposition the silicon atoms such that interstitials
and vacancies are fully occupied. Once this has been achieved
at around Ng−r = 1015 cm−3 , a sudden change takes place
when relaxation occurs. After this phase at around Ng−r =
1017 cm−3 , saturation occurs again. This has been seen before
[6], [23] and indicates that irradiation has no effect anymore.
This has been also observed for gold-doped diodes [24], [25].
Clearly, it is of no consequence to irradiate the material beyond
1017 cm−3 nor to dope it beyond the saturation value of gold
in silicon. A similar point can be made for other metals like
platinum [25].
The increase in the density of g–r centers in Fig. 4 is seen to
have no effect on the trend of the measured capacitance. This is
because the less deep acceptor at 0.30 eV is completely ionized
and also because any g–r centers are created at the g–r position,

Fig. 5. Change of the C–V characteristics for a concentration of 1013 cm−3
of a deep acceptor at EDA = 0.70 eV as the density of g–r centers increases.

the midgap. There is no interaction between the g–r centers and
the LDA as all charges are drawn out by the applied voltage.
In equilibrium, the Fermi level is located close to this level and
corresponds to a value of 0.38 eV so that the material is p-type.
Since the occupation of this level is not altered much, the value
of Vd does not change much with Ng−r .
In Fig. 5 for the deep acceptor at 0.70 eV, the slope of the
C–V characteristic changes, and a peak appears at low voltages
for high densities. Unlike in the case of Fig. 4, the density of g–r
centers in the case of Fig. 5 has a very significant effect on the
trend of the measured capacitance. This effect is clearly seen
at low voltages. This is because the acceptor trap is very deep
and initially not ionized for a low density of g–r centers. As the
density of g–r centers increases, the Fermi level moves to cross
the trap level so that this trap level can change its occupation
and contribute to the space charge density. For V less than Vd ,
the capacitance is due to the net space charge at the end of the
depletion region, and the change in the bulk charges is due to the
change in the Fermi levels along the diode. From the simulation
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order to obtain a correct value for the effective density. Below,
we suggest a different method for the correct evaluation of Neﬀ .
The capacitance of a p−n junction is given by (6) as
C=

Aεε0
W

(6)

W =

Aεε0
C

(7)

which is rearranged to

where the variables are as defined before. Practically, C is
calculated as the incremental change of the space charge with
respect to an incremental voltage given in
dV = W dE
Fig. 6. The effective density Neﬀ is shown in the presence of a less deep
acceptor at 0.30 eV and a deep acceptor at 0.70 eV with an increasing density
for a sample with a g–r center density of 1010 cm−3 .

process, it is possible to calculate Vd and the corresponding
values of Neﬀ as in (5).
The use of (5) is only valid in lifetime semiconductors and
for uniform doping. In the present case, we have none of these.
The value of Vd can be determined from the saturation of the
capacitance. However, Neﬀ cannot be evaluated directly from
Vd because the capacitance is not proportional to V −1/2 . We
suggest using the analysis in Section IV-B [26], [27] to evaluate
the space charge density.
B. Effective Density and Type Inversion
Irradiation of a PIN diode with the starting intrinsic material
lightly n-type, with no known traps, is found experimentally
to produce an initial reduction of Neﬀ and then an increase
roughly proportional to the fluence [28]. It is assumed that
the radiation damage produces both g–r centers and shallow
acceptors which compensate the shallow donor dopants. The
material changes its type, and the depletion junction moves
to the other end of the intrinsic layer. This is probably a
correct assumption, and the type inversion occurs when the
new shallow acceptor concentration becomes greater than the
original donor concentration. For a trap located close to midgap,
type inversion will occur at a fluence of about 1013 n cm−2
[3], [29].
In some other cases, the above assumption may be seen to
give an incorrect conclusion. Consider the results of Fig. 6 for
1011 cm−3 shallow donor dopants given in Fig. 2 as ni for the
N − region of the PIN structure. For a less deep acceptor at
0.30 eV above the valence band, type inversion occurs at an
acceptor density of 9 × 1010 cm−3 as the 1011 cm−3 shallow
donor dopants are compensated. However, for the same conditions in the case of a deep acceptor at 0.70 eV, type inversion
occurs at an acceptor density of about 5 × 1013 cm−3 . This
occurs because the deep acceptors are located in the tail of
the Fermi–Dirac distribution and not fully ionized when the
Fermi level is near midgap. Thus, independent knowledge of
the energy of the traps introduced by the irradiation is needed in

(8)

where dE is the incremental electric field given in terms of the
space charge density by Poisson’s equation [30] as
dE ≈

dQ
dW
= eNeﬀ (W )
εε0
εε0

(9)

where the effective space charge density is depletion width
dependent. Hence, the incremental voltage of (8) becomes
dV = W eNeﬀ (W )

dW
εε0

(10)

where W dW is written as 1/2d(W 2 ) to give
dV = eNeﬀ (W )

d(W 2 )
2εε0

(11)

and by substitution of (7) into (11), we get
dV = eNeﬀ (W )(Aεε0 )2

d(1/C 2 )
2εε0

(12)

so that the width-dependent space charge density is given by
Neﬀ (W ) = 2 ·

dV
· (eA2 εε0 )−1
d(1/C 2 )

(13)

noting that the transformation from (4)–(13) involves the term
(V − Vbi )/(1/C 2 ) becoming dV /d(1/C 2 ) with Neﬀ replacing
nt . If Neﬀ is constant, the slope of 1/C 2 as a function of V is
constant to revert to the lifetime case. If Neﬀ is not constant as
is the case in inhomogenously doped diodes, then an average
value can be obtained, and this is the relaxation case. This has
been discussed in Section IV-A.
We have compared Neﬀ values evaluated by the method of
(5) to those evaluated by the method of (13). The two results
are presented in Figs. 7 and 8 for the less deep acceptor at
0.30 eV and for the deep acceptor at 0.70 eV, respectively. The
plots are simulations of a low density of g–r centers (a) and a
high density of g–r centers (b).
For a low density of g–r centers in Fig. 7(a), it can be
seen that the simulation results from the two methods coincide.
This occurs because the low number of g–r centers is not high
enough to turn the lifetime material into a relaxation material.
The low number of g–r centers corresponds to the saturation of
the capacitance curves at lower values of Ng−r shown in Fig. 2.
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Fig. 7. Comparison of Neﬀ evaluated for a less deep acceptor at 0.30 eV by the conventional method of (5) and by the alternative approach of (13) for (a) a low
density (1010 cm−3 ) and (b) a high density (1017 cm−3 ) of g–r centers.

Fig. 8. Comparison of Neﬀ evaluated for a deep acceptor at 0.70 eV by the conventional method of (5) and by the alternative approach of (13) for (a) a low
density (1010 cm−3 ) and (b) a high density (1017 cm−3 ) of g–r centers.

For a high density of g–r centers in Fig. 7(b), the two results
do not coincide particularly before and just after type inversion.
This lack of coincidence arises from the shape of the C–V
curve, as shown in Fig. 5, and this does not allow for an easy
determination of Vd . However, the value of Neﬀ evaluated from
(13) looks better for two reasons. The first reason is that for a
low acceptor density, the value of Neﬀ by (13) is equal to the
shallow doping density of 1011 cm−3 , whereas that evaluated
by the usual method of (5) is smaller at 6 × 1010 cm−3 . The
second reason is that the inversion point determined by (13)
appears at a density of an LDA of 9.1 × 1010 cm−3 , nearly
equal to the shallow doping density, whereas it is smaller
(7.6 × 1010 cm−3 ) in the case of (5).
We must note here that the differences between the two
results are so small to be considered negligible. However, it is
these small differences that distinguish a lifetime material from

a relaxation one. From this perspective then, this new approach
is considered highly significant.
In Fig. 8(a), a similar plot is generated for the DA at
0.70 eV and for a low concentration of g–r centers. The
simulation results from both methods are coincident, and type
inversion occurs at a deep acceptor density of 5 × 1013 cm−3 .
The occurrence of type inversion is much more agreeable with
other works [29], [31]–[34]
In Fig. 8(b), for a high g–r center concentration, the results
from (5) are not very good with the material demonstrating an
unclear indication of type inversion. This has been also shown
in Fig. 6(b) for the LDA. The results obtained from (13) are,
however, fairly reasonable with type inversion occurring at the
same acceptor density as for the case of low concentration.
These results are in agreement with the experimental results of
type inversion established some time ago [29], [31]–[34].

SAADOUNE et al.: MODELING OF SEMICONDUCTOR DETECTORS MADE OF DEFECT-ENGINEERED SILICON

Clearly, the method of (5) works for low densities of g–r
centers but fails when the irradiation increases. It is then that
the method of (13) must be used. The latter is the same equation
that is used to determine Neﬀ (W ) for inhomogeneous doping.
The only difference between the two is that in the case of (13)
before full depletion, the capacitance is due to the change in the
net space charge as well as to the change in the bulk charges
resulting from the movement of the Fermi levels in the diode.
Thus, relaxation in silicon is caused by the activity of any
carriers and their mutual interaction, and this is seen by pinning
of the Fermi level [5], [35]–[38]
V. C ONCLUSION
Full semiconductor modeling has been performed for a long
PIN diode made of silicon material with a large density of g–r
centers, such as irradiated or semi-insulating semiconductors
to measure the effective space charge density Neﬀ . The results
obtained with the conventional method in the presence of a high
density of g–r centers are not as expected, and this is due to the
fact that the C–V characteristic does not show proportionality
to V −1/2 . Thus, an alternative method is proposed based on
(13). The results obtained with the proposed method are better
and agree reasonably with the expected results. These simulation results also fit well to experimental results.
Our understanding for practical fabrication of radiation-hard
detectors is that the diodes must be made to ensure that the
depletion voltage is low at the start and remains low throughout
the irradiation. This has been demonstrated with gold before
[25], [39] and with other metals [40]. We therefore recommend
that appropriate dopants in silicon must be those that can create
defects close to midgap as opposed to shallow dopants. The
former makes the material already radiation-hard, whereas the
latter confuses the analysis and makes the material to behave
more intrinsic than relaxation.
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