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Abstract: In this paper, we described a method of double-sided diffusion and drift of lithium-ions into
monocrystalline silicon for the formation of the large-sized, p-i-n structured Si(Li) radiation detectors.
The p-i-n structure is a p-n junction with a doped region, where the “i-region” is between the n and
the p layers. A well-defined i-region is usually associated with p or n layers with high resistivities.
The p-i-n structure is mostly used in diodes and in some types of semiconductor radiation detectors.
The uniqueness of this method is that, in this method, the processes of diffusion and drift of lithium-
ions, which are the main processes in the formation of Si(Li) p-i-n structures, are produced from
both flat sides of cylindrical-shaped monocrystalline silicon, at optimal temperature (T = 420 ◦C)
conditions of diffusion, and subsequently, with synchronous supply of temperature (from 55 to
100 ◦C) and reverse bias voltage (from 70 to 300 V) during drift of lithium-ions into silicon. Thus,
shortening the manufacturing time of the detector and providing a more uniform distribution of
lithium-ions in the crystal volume. Since, at present, the development of manufacturing of large-sized
Si(Li) detectors is hindered due to difficulties in obtaining a uniformly compensated large area and
time-consuming manufacturing process, the proposed method may open up new possibilities in
detector manufacturing.

Keywords: drift of Li-ions; Si(Li) structure; p-i-n detectors; double-sided drift

1. Introduction

There are different types [1–4] and manufacturing technologies [5–7] of Si(Li) p-
i-n detectors. For detectors with a large sensitive area, the method of p-type silicon
compensation by lithium-ions remains as one of the effective methods [8,9]. This method
consists of the following steps: obtaining and processing of appropriate monocrystalline
silicon, diffusion of Li atoms into monocrystalline Si to the pre-determined depth, drift
of Li-ions into Si and metal contact application to the obtained sample. One of the main
processes listed above is the formation of the p-i-n region.

The method of lithium-ion drift for p-i-n formation was originally proposed by
Pell [10]. This method found wide application in the production of semiconductor nuclear
radiation detectors. Pell proved that if the reverse bias voltage is applied to the p-n junction
with sufficient temperature to excite the donor or acceptor ions, then the ions will drift in
the electric field to create intrinsic regions between the p-n junctions. Immediately after the
pioneering work of Pell, Lechrer and Reis’s [11] work was published on the investigation
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of the motion of lithium-ions in the region of the p-n junction under reverse bias. Lechrer
and Reis derived equations which describe the distribution of lithium-ions in the inner
part of the crystal depending on time. Then, Pell’s theory was considered by Gibbon and
Iredal [12], with a more precise assumption to real detecting systems. Here, they considered
the accuracy of compensation for acceptor impurities in semiconductors. It was also shown
that lithium-ion drift technology depends on the distribution of acceptors in the initial
crystal. It is said that exact compensation is achieved only if the supplied drift field is
an orthogonal with flux of the acceptor impurity. Later, in 1969, Lauber [13] stated that
the high quality of compensation in the inner part of the crystal mainly depends on the
thermally generated electron–hole pairs that were separated by the reverse bias voltage
applied during the drift.

Despite the fact that lithium drift technology has been the subject of research for such
a long time, Si(Li) detectors still remain a relevant research object. In recent work [14], a
method and hardware implementation of a segmented and nonsegmental lithium drift
detector operating at room temperature was developed. Additionally, in [15], the authors
have developed a novel type of n+-i- n-p large-area silicon microstrip sensors for very
high-radiation environments. Si(Li) p-i-n detectors were also successfully used for the
CBERS project in [16]. These detectors have opened up new possibilities for registering
gamma- and X-rays.

Despite a number of advantages of semiconductor spectrometry, further development
in this field is hampered by technological difficulties of obtaining Si(Li) p-i-n structured
detectors, which have a bigger sensitive area and better energy resolution. Manufacturing
Si(Li) detectors with a sensitive diameter of more than 6 mm is challenging, because of the
increased leakage of current and capacitance. Besides, one of the difficult and very long
processes in the development of Si(Li) p-i-n nuclear radiation detectors is the formation of
the intrinsic region (i-region) by the drift method. Therefore, to create a sensitive area of
the detector, with a thickness of about 4 mm and with diameter up to 5 mm, takes months.
In addition, when the i-region is formed in the crystal, an inhomogeneous distribution
of lithium-ions arises. Lithium-ions move in the field of applied reverse bias along the
interstices of silicon atoms from the surface part into the depth of the crystal; when the
electric field weakens, particles encounter different obstacles (defects, complexes of various
impurities in the crystal, etc.) and change direction of distribution [17–19]. Therefore,
when the i-region is formed in the crystal, an inhomogeneous distribution of lithium-ions
is caused. Double-sided drift technology can help to avoid this problem: in penetration of
lithium-ions in silicon, the lithium-ions are distributed from both sides, the front and the
back flat surface of the crystal toward the center of the crystal. As the process is double-
sided, the penetration path of lithium-ions is halved, accordingly, the distribution will be
more uniform. Another basic factor in the formation of the compensated area is the correct
choice of the temperature regime during the drift process [20,21]. To prevent the negative
effects associated with the heating of the crystal above the permissible value due to the
passage of a large current through the structure, the drift mode must be selected, taking
into account the heat balance conditions, according to which the amount of heat released
(according to the Joule-Lenz law) must be balanced with the heat removed.

Previously, in [22], our research group briefly reported the experimental results of
manufacturing large-sized Si(Li) detector structures with a new method of double-sided
diffusion and drift of lithium-ions into monocrystalline silicon. In this paper, we describe
the manufacturing procedure of large-sized Si(Li) p-i-n detectors in detail, with optimal
regimes of experimental technique and theoretical assumptions of the formulation of p-i-n
regions in large-sized monocrystalline silicon obtained by the double-sided method. The
aim of the work is to explain the new technology of obtaining Si(Li) p-i-n detectors and
emphasize the advantages of the method. At the end of this paper, the electrophysical
characteristics of Si(Li) p-i-n detectors are shown, which were obtained experimentally by
the proposed method.
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2. Materials and Methods

To study the formation of a Si(Li) p-i-n structure, first, it is necessary to study the
process of double-sided diffusion of lithium atoms into single-crystal silicon for the
given parameters: the concentration of donor charge carriers of monocrystalline silicon
N0 = 5 × 1017, where lithium atoms diffuse to a depth of 300 µm from two flat surfaces of a
silicon wafer. To solve this problem, both numerical and analytical methods for solving dif-
fusion problems were considered. For diffusion, we set a boundary value problem known
in mathematical physics with the initial conditions N(0, t) = N(l, t) = Ns, where N(0, t) are
the values of the lithium concentration at the initial moment of time on one side and N(l, t)
on the other side of the crystal. This all equates to the total concentration of lithium Ns.
After writing the main diffusion equation for boundary value problems based on the Rice
theory, the effect of the oxygen complex on the effective diffusion coefficient of lithium was
studied. To determine the temperature–time modes of diffusion, it is necessary to solve the
diffusion equation under the conditions of boundary value problems, taking into account
the high concentration of the Li-O complex and the specified boundary conditions. The
distribution of lithium symmetrically relative to the center from two plane surfaces of the
crystal using double-sided drift was also investigated by analytical and numerical methods.
This helps us to clearly understand the physical processes occurring during the drift and
select the optimal mode for the drift of lithium-ions into the silicon crystal.

As initial material for the detectors, the dislocation-free monocrystalline cylindrical
silicon crystal of the p-type, obtained by the float-zone method (with diameter 110 mm,
thickness 4–5 mm, resistivity ρ = 1000–5000 Ohm·cm and with lifetime τ ≥ 500 µs), and sil-
icon crystal of the p-type (with a diameter of 110 mm, with a resistivity ρ = 10–12 Ohm·cm,
lifetime τ ≥ 50 µs, grown in an argon atmosphere), obtained by the Czochralski method,
were used. After manufacturing, the electro-physical characteristics of the detectors ob-
tained by two types of silicon were compared.

In the proposed method, lithium is diffused from both surfaces to a predetermined
depth (300 µm) sufficient for providing the necessary compensation of the initial acceptor
impurity in the required volume to pre-prepared samples of silicon under temperature
t = 400 ◦C during t = 4 min in a vacuum of p = 10–5 mmHg. After the diffusion process, by
applying a reverse bias voltage and a sufficient temperature from 55 to 110 ◦C and voltage
values from 70 to 300 V, a drift from two flat surfaces to a cylindrical silicon wafer is carried
out. The drift completion moment is fixed by a sharp increase of inverse current. As the
drift process finishes (i.e., joining of two counter fronts of lithium drift), one of the diffusion
n-areas is grounded off to the depth determined by its degradation during the drift process
(Figure 1).
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lithium-ions, into monocrystalline silicon technology.

3. Diffusion of Li Atoms into Si

Monocrystalline Si grown by the Czochralski method is characterized by a pronounced
defectiveness of the crystal structure. This is due to the large volume of Li-O complexes in
the body of the crystal, which promotes the generation of thermal donors in the crystal,
as well as the formation of dipole structures in the places of accumulation of acceptor
impurity, which significantly changes the nature of diffusion and drift of lithium-ions [23].
However, the presence of Li-O complexes ensures the stability of Si(Li) p-i-n+ detector
structures [24,25]. To solve the problem of diffusion of Li atoms into monocrystalline
silicon with a high content of Li-O complexes, the following relation is valid, for the
lithium-ion flux:

J = −D0
∂(NLi − p)

∂x
(1)

where D0 is the diffusion coefficient of lithium into pure silicon without oxygen complexes,
and NLi is the lithium concentration.

Under the thermodynamic equilibrium of free and connected complexes of lithium
from the law of effective masses, we have:

p(
NO2 − p

)
·(NLi − p)

= k(T) (2)
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where k(T) is the equilibrium constant, depending only on temperature, and NO2 is the
concentration of oxygen. The lithium diffusion coefficient is expressed as:

D(x) =
D0

2

 NLi(x)− NO2 +
1
k√(

NLi(x)− NO2 −
1
k

)2
+ 4NLi(x)

k

+ 1

 (3)

Thus, in conditions of formation of Li-O complexes, the coefficient of lithium diffusion
is the function of NO2 and NLi concentration and equilibrium coefficient, k(T).

Under the coordinate dependence of D(x), the diffusion equation will be:

∂

∂t
N(x, t) =

∂

∂t

(
D(x)

∂N(x, t)
∂x

)
(4)

A direct solution of Equation (4) with allowance for (3) is very difficult. How-
ever, there is a class of boundary conditions for (4) under which the diffusion equation
with a coordinate-dependent diffusion coefficient admits an analytical solution into the
Boltzmann-Matano substitution of the variables, η = x√

t
. The solution obtained under

this condition is called “self-similar”. The indicated class of boundary conditions relates
diffusion from a continuous source of lithium atoms from both flat sides of the Si, with
boundary conditions: N(x, 0) = 0, N(0, t) = N(L, t) = NS. In this case, the final form of the
equation will be as follows:

N(η)

NS
= 1−

∫ η
0

1
D exp

(
− 1

2

∫ η
0

1
D η′dη′

)
dη∫ ∞

0
1
D exp

(
− 1

2

∫ η
0

1
D η′dη′

)
dη

(5)

If the diffusion time is constant (t = const), then in the initial variables, “x” and “t”,
the Equation (5) will be:

N(x, t)
NS

= 1−

∫ x
0

1
D exp

(
− 1

2t
∫ x

0
1
D x′dx′

)
dx∫ ∞

0
1
D exp

(
− 1

2t
∫ x

0
1
D x′dx′

)
dx

(6)

It is easy to check that if D = const in (6), then we can obtain:

N(x, t)
NS

= 1−

∫ x
0 exp

(
− x2

4Dt

)
dx∫ ∞

0
1
D exp

(
− x2

4Dt

)
dx

= 1− er f c
(

x
2
√

Dt

)
= er f c

(
x

2
√

Dt

)
(7)

Note that in (6), the diffusion coefficient depends on the coordinate, because it is a
function of concentration:

D = D(N(x, T)) = Ψ(x) (8)

However, there is no true coordinate dependence of the D(x) due to the isotropy of
the medium. Calculation of the diffusion profile of (6) can be carried out with the help of
the computer iterative method, because the integration function of (6) on the right side
depends on calculating variables. The standard method for this is to expand D(N) in a
power series:

D[N(x, t)] = D0 + λ0·N(x, t) + λ1·N1(x, t) + . . . (9)

in sequential computation of N(x, t) in the first (D0 = const), second, etc., approximations.
Special interest attracts consideration of a particular case, when NLi << NO2 , be-

cause these conditions are usually well-satisfied for silicon, grown by the method of



Materials 2021, 14, 5174 6 of 15

Czochralski (NO2 ≈ 1017–1018 cm−3). In this case, in (3), the NLi in comparison with
NO2can be neglected . Then,

D =
D0

1 + k(T)NO2

(10)

Under intensive formation of Li-O complexes, the value of k(T)·NO2 can be signif-
icantly high, which can lead to the decrease of the effective diffusion coefficient (see
Figure 2). On the other hand, the absence of a coordinate dependence of the diffusion coef-
ficient of lithium in the form of dependence (10) can make it possible to use the well-known
solution of the diffusion Equation (7) for this case (see Figure 3).
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of 300 µm from both sides of the Si crystal.

It must be noted that the choice of the temperature–time regimes of diffusion of Li
into Si must be performed under the conditions of thermo-defect formation. The interval of
the temperature 300–500 ◦C, usually used for Li diffusion in Si(Li) p-i-n detectors, consists
of a critical temperature of 450 ◦C, at which there is an intense generation of donor-type
thermal defects [26].
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According to the existing lithium-drift technology of Si(Li) p-i-n+ detectors, to obtain
the desired lithium diffusion profile, the crystal is rapidly cooled in order to prevent
“blurring” of the lithium distribution during the cooling process. However, the cooling
rates achieved in this case (102–103) deg/s also lead to the formation of quenching-type
thermal defects, which subsequently will negatively affect the characteristics [27].

4. Drift of Li-Ions into Si

We made an assumption of the physical description of the double-sided compensation
of lithium-ions in silicon based on Pell’s theory of compensation. Accordingly, a layer
of lithium was deposited on a flat circular plate, which is a donor with concentration
N0 = 5 × 1017, by diffusion in vacuum at a depth of 300 µm from both surfaces of the plate
for time t = 3–4 min at a temperature of T = 380–450 ◦C, until the p-n junction is formed
at the positions x = c. The distribution of lithium is symmetric at the center of two flat
surfaces of the crystal. According to the sufficiently large thickness of the crystal, various
boundary effects that contribute to the internal interaction of the particles can be neglected,
and it is possible to consider the particle distribution as a superposition of two independent
functions (see Figure 4a,b).
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We consider the simple model of drift of lithium-ions in a silicon crystal. In the general
case, the movement of charged particles directly depends on the change in the electric field.
In [13], using the Poisson equation, the dependence of the electric field on the depth of
action can be shown as follows:

dE(x)
dx

=
q

εε0
[NL(x)− NA(x) + p(x)− n(x)] (11)

where E is the electric field strength in the semiconductor, x is the depth, q is the charge
of the electron, ε is the dielectric constant of silicon, ε0 = 8.85·10−12 F/m, NL(x) is the
lithium concentration, NA(x) is the concentration of acceptors in semiconductors, n(x) is
the concentration of free electrons and p(x) is the concentration of free holes.

f (x) = D
∂NL
∂x

+ µNLE (12)
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Then, it is possible to determine the concentration of lithium at any time depending on
the depth using the continuity equation and flux density (12) of lithium, as shown in (13):

∂NL
∂t

= D
∂2NL

∂x2 + µ
∂

∂x
(NL − E) (13)

where µ is the lithium-ion mobility in a semiconductor material. The solution of the system
of Equations (11) and (13) requires simplifications, which are provided in [1]. In particular,
if we assume that there is a complete compensation of lithium-ions, NL(x) − NA(x) = 0,
then Equation (11) will be simplified to:

dE(x)
dx

=
q

εε0
[p(x)− n(x)] (14)

In [1], the dependence of non-recombined free charge carriers in a crystal is provided
in the form:

p(x)− n(x) = ni

(
1

µp
+

1
µn

)
x

2τrE
− ni

W
2µnτrE

(15)

Substituting (15) into (14) and solving the resulting differential equation, we obtain
the dependence of the electric field strength on depth in an explicit form:

E(x) =

√√√√√√√2

(
E02 −

(
ni
µp +

ni
µn

)
q

εε0
x2

2 − 1
2τr

ni
W

2µnτr

q
εε0

)
1

2τr

(16)

Figure 5a shows the dependence of the electric field strength on the depth for a
different initial electric field applied to the crystal. Figure 5b shows the graphs of the
change in the lithium-ion flux density depending on the voltage applied to the crystal. As
can be seen from the graphs, with increasing depth, the electric field rapidly decreases
and the ion drift velocity also decreases, which is reflected in the change in the lithium-ion
flux density.
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In the case of double-sided drift of lithium-ions into a silicon monocrystal, it is neces-
sary to jointly solve Equation (14) to obtain the dependence of the electric field on the depth.
Figure 6a shows the electric fields in a crystal for double-sided drift. With an increase in the
voltage applied to the crystal, the depth of action of the field increases, and, consequently,
the drift velocity and the flux of carriers of charge also increase.

Figure 6b shows the change in the flux density of lithium-ions during the double-sided
drift process. The flux density increases at the beginning of the process with some inertia
and rapidly decreases due to a decrease in the electric field.
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The obtained dependences, although they characterize the behavior of lithium-ions,
due to the introduced assumptions, do not fully describe the drift process. With incomplete
compensation of lithium-ions, the expression NL(x) − NA(x) 6= 0, as shown in [11], should
be rewritten as follows:

NL(x)− NA =
εε0Vg2

q(1 + gx)2lnln(1 + gL)
(17)

where V is the voltage applied to the crystal, L is the compensating region width, and g is
the acceptor gradient.

We introduce a time dependence using the assumption that the drift velocity, υ,
directly depends on the electric field [28]:

v = µLE (18)

where µL is the lithium-ion mobility in a crystal. Then, the expressions for the x coordinate,
expressed in terms of the time, t, can be expressed in a linear way:

x = vt = µLEt (19)

Then, we finally obtain (20):

dE(t)
dt

=
q

εε0

[
εε0Vg2

q(1 + gµLEt)2lnln(1 + gL)
+ ni

(
1

µp
+

1
µn

)
µLEt
2τrE

− ni
W

2µnτrE

]
(20)

The solution to this equation in numerical form is shown in Figure 7 for the double-
sided drift of lithium-ions.

Figure 8 shows the dependence of the lithium-ion flux density, during the double-
sided drift process, taking into account the presence of uncompensated ions in the crystal
volume. This figure shows the ion flow for only one side. For the second side of the
detector, the graph behaves similarly. The shapes of the plots obtained are also similar to
those in Figure 8, however, due to the fact that the flow of lithium-ions meets the counter
flow of ions from the other side, the concentration of particles increases sharply, which
leads to a sharp increase in the flow, which is illustrated in Figure 8.
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Now, we take into account the effect of the counter flow of lithium-ions in the crystal,
which is expressed in the creation of a space charge region. This space charge prevents the
build-up of the electric field on the other side. As a result, it is necessary to introduce an
additional term into Equation (20), expressing the effect of the counter electric field. Since
the macroscopic velocity of lithium-ions is low, the counter field can be expressed using
the Poisson equation. Then, Equation (20) will take the form:

dE(t)
dt = q

εε0

[
εε0Vg2

q(1+gµLEt)2lnln(1+gL)
+ ni

(
1

µp
+ 1

µn

)
µLEt
2τrE − ni

W
2µnτrE

]
− dEc(t)

dt (21)

where EC is the electric field of the counter flow of lithium-ions.
Figure 9 shows the effect of a counter flow of lithium-ions on the propagation of an

electric field in a crystal. Solid lines show a rapid decrease in the electric field under the
influence of the counter electric field of lithium-ions of the counter flow.
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5. Electrical Characteristics of the Si(Li) p-i-n Structure

The degree of compensation in lithium-drift technology of p-i-n structures depends
on the temperature-field regimes [29]. By choosing the optimum values of the reverse
bias voltage and the drift temperature, it is possible to achieve the maximum degree of
compensation, which is characterized by the volume charge in the considered point c and
c′, shown in Figure 4, of the compensated i-region. Table 1 shows the experimental data
on the mode of reverse bias voltage and temperature, which gradually increase with the
expansion of the compensated i-region.

Table 1. Temperature and reverse bias voltage regimes.

Regimes Temperature, ◦C Voltage, V Time, Hour

1 55 70 6
2 70 100 16
3 80 130 24
4 110 300 28
5 50 90 10

Table 1 shows the experimental regimes of the reverse bias voltage and temperature,
which gradually increase with the expansion of the compensated i-region. The relative
thickness of the high-resistivity layers sharply decreases with increasing temperature in
the interval 55–90 ◦C, and then is fixed at T = 110 ◦C. The drift regime at T = 110 ◦C and
a voltage U = 300 V is characterized by a low reverse current, and a sufficiently high
temperature leads to resorption of precipitates [30], i.e., it can be assumed that the micro-
inhomogeneities of the composition are smoothed out. Thus, the most suitable regime for
drift is at the temperature T = 110 ◦C and the voltage U = 300 V.

In [31], the conventional, one-sided drift technology, for large-sized detectors with
a thickness of 3 mm, was reported. Table 1 describes experimental data of double-sided
drift technology. As can be seen from Table 1, in the proposed method, the drift time is
considerably shorter than in [31], when months of work are taken to obtain a structure
with a thickness W ≥ 4 mm.

After preparation of a Si(Li) p-i-n detector’s structure, the I–V characteristics during
application of reverse bias voltage were investigated (see Figure 10). Here, I–V for silicon
wafers obtained from high-resistance silicon grown by the float-zone method (line 2) and
low-resistance silicon grown by the Czochralski process (line 1) were compared.

In industrial detectors of large diameters obtained by the traditional method, fluctua-
tions of the leakage current and charge collection time are noticed, thereby deteriorating
the energy characteristics of the detector [32,33]. Small values of leakage current and a
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smooth current–voltage characteristic (shown in Figure 10) proves a uniform distribution of
charge carriers, in other words, uniform compensation, throughout the volume of the crys-
tal [34,35]. It is due to the fact that in double-sided drift, the path of the carriers is reduced
by two and the drift time by four times. The small reversed current of the low-resistance
silicon grown by the Czochralski method associated with high exploitation characteristics
has the advantage of manufacturing lithium drift detectors with large volume, compared
with crystals obtained by the float-zone method. However, the drift of lithium-ions into
silicon, grown by the Czochralski method, has significant features, due to the high content
of impurities in its structure. This can lead to self-heating of the crystals during the drift
process. Taking into account these features, we have come up with optimal temperature
regimes of the stepped drift of lithium-ions in silicon.
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The same samples, which were used to investigate the I–V characteristics, were used
to study capacity–voltage and noise–voltage characteristics. In Figure 11a, the capacity–
voltage characteristics of the Si(Li) p-i-n structure are shown. The capacitance of the Si(Li)
p-i-n structure is directly connected with the thickness of the depletion layer and with a
specific resistance of the initial material. Therefore, by measuring this, it is possible to
identify the specific resistance of the compensated area of silicon in the prepared structure
and predict the values of maximum energy of the charged particle, under the conditions of
its total absorption in the depletion layer.
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6. Conclusions

The paper considered the manufacturing process of large-sized p-i-n structured Si(Li)
radiation detectors by double-sided diffusion and drift technology.

A theoretical description of double-sided diffusion of Li atoms into monocrystalline
silicon was considered, taking into account the presence of a high concentration of Li-O
complexes in the volume of the crystal and in the regimes of temperature T = 420 ◦C to the
depth of hLi = (300 ± 10) µm, for t = 3 min.

The theoretical model of the double-sided drift of lithium-ions into the crystal volume
was considered, taking into account regimes of the double-sided drift, a synchronous
stepwise increase in temperature from 55 to 110 ◦C and a reverse bias voltage from 70 to
300 V, which creates an external electric field from both flat ends of the crystal. The proposed
theoretical model is based on the homogeneity of acceptor atoms in a crystal, where there
can be a dynamic equilibrium in which lithium-ions move uniformly in the depleted region,
producing no net charge in the lithium concentration, except in the boundary.

At the end of this work, we presented the experimental regimes of providing double-
sided drift of Li-ions into Si. Based on this, it can be argued that the proposed method
reduced the drift time by up to 4 times compared with the traditional one-sided drift
method. This helps to avoid the following main problems in the manufacture of large Si(Li)
detectors: the formation of a defect in the body of the crystal due to the high temperature
and long heating time, inhomogeneous distribution of lithium-ions over the entire volume
of the silicon crystal and spending too long on manufacturing the detector.

Additionally, according to the experimental electrophysical characteristics of the
detectors obtained by the proposed method, it can be argued that these detectors have a low
reverse current, thereby proving a more uniform distribution of lithium-ions throughout
the entire volume of the crystal. Therefore, the small reverse current is the main indicator
of the high efficiency of Si(Li) detectors.

For semiconductor detectors, which operate at room temperature, used for low-noise
installations, these results are very important, since it opens up new possibilities for
improving the registration efficiency due to the energy resolution and large dimensions of
the detectors.

Author Contributions: Writing—original draft preparation, A.S. and N.J.; methodology, R.M.
and A.S.; formal analysis, Y.T.; investigation, M.N., N.K. (Nurzhigit Kuttybay), N.K. (Nursultan
Koshkarbay) and B.Z.; resources, Z.J. All authors have read and agreed to the published version of
the manuscript.

Funding: The presented research was funded by the Ministry of Education and Science of the
Republic of Kazakhstan, grant number AP09058014.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aramaki, T.; Chan, S.; Hailey, C.; Kaplan, P.; Krings, T.; Madden, N.; Protic, D.; Ross, C. Development of large format Si(Li)

detectors for the GAPS dark matter experiment. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip.
2012, 682, 90–96. [CrossRef]

2. Protic, D.; Krings, T.; Schleichert, R. Development of double-sided microstructured Si(Li) detectors. IEEE Trans. Nucl. Sci. 2002,
49, 1993–1998. [CrossRef]

3. Lindström, G.; Ahmed, M.; Albergo, S.; Allport, P.; Anderson, D.; Andricek, L.; Angarano, M.; Augelli, V.; Bacchetta, N.; Bartalini,
P.; et al. Radiation hard silicon detectors—Developments by the RD48 (ROSE) collaboration. Nucl. Instrum. Methods Phys. Res.
Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2001, 466, 308–326. [CrossRef]

http://doi.org/10.1016/j.nima.2012.04.054
http://doi.org/10.1109/TNS.2002.801541
http://doi.org/10.1016/S0168-9002(01)00560-5


Materials 2021, 14, 5174 14 of 15

4. Perez, K.; Aramaki, T.; Hailey, C.J.; Carr, R.; Erjavec, T.; Fuke, H.; Garvin, A.; Harper, C.; Kewley, G.; Madden, N.; et al. Fabrication
of low-cost, large-area prototype Si (Li) detectors for the GAPS experiment. Nucl. Instrum. Methods Phys. Res. Sect. A Accel.
Spectrom. Detect. Assoc. Equip. 2018, 905, 12–21. [CrossRef]

5. Fernández-Tejero, J.; Bartl, U.; Döcke, M.; Fadeyev, V.; Fleta, C.; Hacker, J.; Hommels, B.; Lacasta, C.; Parzefall, U.; Soldevila, U.;
et al. Design and evaluation of large area strip sensor prototypes for the ATLAS Inner Tracker detector. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2020, 981, 164536. [CrossRef]

6. Nomerotski, A. Silicon detectors for tracking and vertexing. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect.
Assoc. Equip. 2009, 598, 33–40. [CrossRef]

7. Wang, J.; Xia, K.; Liu, J.; Li, T.; Zhao, X.; Shu, B.; Li, H.; Guo, J.; Yu, M.; Tang, W.; et al. Self-powered silicon PIN photoelectric
detection system based on triboelectric nanogenerator. Nano Energy 2020, 69, 104461. [CrossRef]

8. Popeko, L.; Kotina, I.; Shishkina, G.; Grigorieva, L.; Artyukh, A.; Teterev, Y.; Sereda, Y. Thick Si(Li) coaxial detectors for registration
of intermediate energy heavy ions. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2008, 596,
235–237. [CrossRef]

9. Rogers, F.; Xiao, M.; Perez, K.M.; Boggs, S.; Erjavec, T.; Fabris, L.; Fuke, H.; Hailey, C.J.; Kozai, M.; Lowell, A. Large-area Si (Li)
detectors for X-ray spectrometry and particle tracking in the GAPS experiment. J. Instrum. 2019, 14, P10009. [CrossRef]

10. Pell, E.M. Ion Drift in an n-p Junction. J. Appl. Phys. 1960, 31, 291–302. [CrossRef]
11. Lehrer, F.A.; Reiss, H. Details of Ion Drift in an n-p Junction. J. Appl. Phys. 1962, 33, 2353. [CrossRef]
12. Gibbons, P.; Iredale, P. On the accuracy of acceptor compensation by lithium ion drift. Nucl. Instrum. Methods 1967, 53, 1–6.

[CrossRef]
13. Lauber, A. The theory of compensation in lithium drifted semiconductor detectors. Nucl. Instrum. Methods 1969, 75, 297–308.

[CrossRef]
14. Sammartini, M.; Gandola, M.; Mele, F.; Bertuccio, G.; Ambrosino, F.; Bellutti, P.; Borghi, G.; Campana, R.; Caselle, M.; Cirrincione,

D.; et al. Pixel Drift Detector (PixDD)—SIRIO: An X-ray spectroscopic system with high energy resolution at room temperature.
Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2019, 953, 163114. [CrossRef]

15. Unno, Y.; Edwards, S.; Pyatt, S.; Thomas, J.; Wilson, J.; Kierstead, J.; Lynn, D.; Carter, J.; Hommels, L.; Robinson, D.; et al.
Development of n+-in-p large-area silicon microstrip sensors for very high radiation environments—ATLAS12 design and initial
results. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2014, 765, 80–90. [CrossRef]

16. Shi, W.; Chen, H.; Zou, H.; Zou, J.; Tian, D.; Ning, B.; Zhang, L. The PIN detector parallel application. Nucl. Electron. Detect.
Technol. 2007, 27, 908–910.

17. Muminov, R.A.; Radzhapov, S.A.; Saimbetov, A.K. Developing Si(Li) nuclear radiation detectors by pulsed electric field treatment.
Tech. Phys. Lett. 2009, 35, 768–769. [CrossRef]

18. Kozai, M.; Fuke, H.; Yamada, M.; Perez, K.; Erjavec, T.; Hailey, C.; Madden, N.; Rogers, F.; Saffold, N.; Seyler, D.; et al. Developing
a mass-production model of large-area Si(Li) detectors with high operating temperatures. Nucl. Instrum. Methods Phys. Res. Sect.
A Accel. Spectrom. Detect. Assoc. Equip. 2019, 947, 162695. [CrossRef]

19. Muminov, R.A.; Saymbetov, A.; Japashov, N.M.; Toshmurodov, Y.K.; Radzhapov, S.A.; Kuttybay, N.B.; Nurgaliyev, M.K. Physical
Features of Double Sided Diffusion of Lithium into Silicon for Large Size Detectors. J. Nano Electron. Phys. 2019, 11, 02031.
[CrossRef]

20. Muminov, R.A.; Saymbetov, A.K.; Japashov, N.M.; Toshmurodov, Y.K.; Radzhapov, S.A.; Kuttybay, N.B.; Nurgaliyev, M.K.
High-sensing detecting systems for X-ray fluorescence spectrometer. Bull. Natl. Acad. Sci. Repub. Kazakhstan 2018, 4, 23.

21. Pantazis, T.; Pantazis, J.; Huber, A.; Redus, R. The historical development of the thermoelectrically cooled X-ray detector and its
impact on the portable and hand-held XRF industries (February 2009). X-ray Spectrom. 2009, 39, 90–97. [CrossRef]

22. Muminov, R.A.; Saymbetov, A.K.; Japashov, N.M.; Mansurova, A.; Radzhapov, S.A.; Toshmurodov, Y.K.; Mukhametkali, B.K.;
Sissenov, N.K.; Kuttybay, N.B. Double Sided Diffusion and Drift of Lithium Ions on Large Volume Silicon Detector Structure. J.
Semicond. Technol. Sci. 2017, 17, 591–596. [CrossRef]

23. Kulkarni, M.S.; Voronkov, V.; Falster, R. Quantification of Defect Dynamics in Unsteady-State and Steady-State Czochralski
Growth of Monocrystalline Silicon. J. Electrochem. Soc. 2004, 151, G663. [CrossRef]

24. Trempa, M.; Reimann, C.; Friedrich, J.; Müller, G.; Krause, A.; Sylla, L.; Richter, T. Defect formation induced by seed-joints during
directional solidification of quasi-mono-crystalline silicon ingots. J. Cryst. Growth 2014, 405, 131–141. [CrossRef]

25. Quemener, V.; Raeissi, B.; Herklotz, F.; Murin, L.I.; Monakhov, E.V.; Svensson, B.G. Kinetics study of the evolution of oxygen-
related defects in mono-crystalline silicon subjected to electron-irradiation and thermal treatment. J. Appl. Phys. 2015, 118, 135703.
[CrossRef]

26. Verezub, N.A.; Prostomolotov, A.I. Mechanics of Growing and Heat Treatment Processes of Monocrystalline Silicon. Mech. Solids
2020, 55, 643–653. [CrossRef]

27. Rougieux, F.E.; Grant, N.E.; Macdonald, D. Thermal deactivation of lifetime- limiting grown-in point defects in n-type Czochralski
silicon wafers. Phys. Status Solidi (RRL) Rapid Res. Lett. 2013, 7, 616–618. [CrossRef]

28. Chernyak, L.; Lyakhovitskaya, V.; Richter, S.; Jakubowicz, A.; Manassen, Y.; Cohen, S.R.; Cahen, D. Electronic effects of ion
mobility in semiconductors: Mixed electronic–ionic behavior and device creation in Si:Li. J. Appl. Phys. 1996, 80, 2749–2762.
[CrossRef]

http://doi.org/10.1016/j.nima.2018.07.024
http://doi.org/10.1016/j.nima.2020.164536
http://doi.org/10.1016/j.nima.2008.08.020
http://doi.org/10.1016/j.nanoen.2020.104461
http://doi.org/10.1016/j.nima.2008.07.148
http://doi.org/10.1088/1748-0221/14/10/P10009
http://doi.org/10.1063/1.1735561
http://doi.org/10.1063/1.1728960
http://doi.org/10.1016/0029-554X(67)91322-5
http://doi.org/10.1016/0029-554X(69)90613-2
http://doi.org/10.1016/j.nima.2019.163114
http://doi.org/10.1016/j.nima.2014.06.086
http://doi.org/10.1134/S1063785009080227
http://doi.org/10.1016/j.nima.2019.162695
http://doi.org/10.21272/jnep.11(2).02031
http://doi.org/10.1002/xrs.1227
http://doi.org/10.5573/JSTS.2017.17.5.591
http://doi.org/10.1149/1.1785792
http://doi.org/10.1016/j.jcrysgro.2014.08.002
http://doi.org/10.1063/1.4932019
http://doi.org/10.3103/S0025654420300056
http://doi.org/10.1002/pssr.201308053
http://doi.org/10.1063/1.363132


Materials 2021, 14, 5174 15 of 15

29. Muminov, R.A.; Saymbetov, A.K.; Toshmurodov, Y.K. Special features of formation of high-performance semiconductor detectors
based on αSi-Si (Li) heterostructures. Instrum. Exp. Tech. 2013, 56, 32–33. [CrossRef]

30. Muminov, R.A.; Radzhapov, S.A.; Saimbetov, A.K. Silicon-lithium telescopic detector in one crystal. At. Energy 2009, 106, 141–142.
[CrossRef]

31. Muminov, R.A.; Dzhuraev, U.B.; Radzhapov, S.A.; Iskanderov, A.S. Low-resistance p-Si drift detectors. At. Energy 1989, 67,
655–657. [CrossRef]

32. Ackermann, K.H.; Adams, N.; Adler, C.; Ahammed, Z.; Ahmad, S.; Allgower, C. Hunter. STAR detector overview. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2003, 499, 624–632. [CrossRef]

33. Moll, M.; Fretwurst, E.; Lindström, G. Leakage current of hadron irradiated silicon detectors–material dependence. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 1999, 426, 87–93. [CrossRef]

34. Dastgeer, G.; Khan, M.F.; Cha, J.; Afzal, A.M.; Min, K.H.; Ko, B.M.; Liu, H.; Hong, S.; Eom, J. Black Phosphorus-IGZO van der
Waals Diode with Low-Resistivity Metal Contacts. ACS Appl. Mater. Interfaces 2019, 11, 10959–10966. [CrossRef] [PubMed]

35. Zhou, R.; Ostwal, V.; Appenzeller, J. Vertical versus Lateral Two-Dimensional Heterostructures: On the Topic of Atomically
Abrupt p/n-Junctions. Nano Lett. 2017, 17, 4787–4792. [CrossRef] [PubMed]

http://doi.org/10.1134/S0020441213010090
http://doi.org/10.1007/s10512-009-9143-0
http://doi.org/10.1007/BF01125267
http://doi.org/10.1016/S0168-9002(02)01960-5
http://doi.org/10.1016/S0168-9002(98)01475-2
http://doi.org/10.1021/acsami.8b20231
http://www.ncbi.nlm.nih.gov/pubmed/30807091
http://doi.org/10.1021/acs.nanolett.7b01547
http://www.ncbi.nlm.nih.gov/pubmed/28718653

	Introduction 
	Materials and Methods 
	Diffusion of Li Atoms into Si 
	Drift of Li-Ions into Si 
	Electrical Characteristics of the Si(Li) p-i-n Structure 
	Conclusions 
	References

