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This work is devoted to the study of current flow in diffusion-doped zinc silicon samples in the dark and when illuminated with light
with an intensity in the range from 0.6 to 140 Ix and at a temperature of 300 K. At T = 300 K and in the dark, the type of the -V
characteristic contained all areas characteristic of semiconductors with deep energy levels. It was found that when illuminated with
light, the type of -V characteristics of the studied Si samples depended on the value of the applied voltage, the electrical resistivity of
the samples, the light intensity, and their number reached up to 6. In this case, linear, sublinear, and superlinear sections were observed,
as well as the switching point (sharp current jump) and areas with negative differential conductivities (NDC). The existence of these
characteristic areas of the applied voltage and their character depended on the intensity of the light. The experimental data obtained
were interpreted in the formation of low dimensional objects with the participation of multiply charged zinc nanoclusters in the bulk
of silicon. They changed the energy band structure of single-crystal silicon, which affected generation-recombination processes in Si,
leading to the types of I~V characteristics observed in the experiment.
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1. INTRODUCTION
The study of current flow processes in highly compensated (HC) silicon samples doped with zinc in a high non-
equilibrium state, at room temperatures and in the presence of illumination, is of important scientific and practical interest.
From a scientific point of view, such studies provide more information about the role of a particular center formed by
impurity atoms on current flow processes. From a practical point of view, knowledge of the behavior of a sample under
various conditions makes it possible to determine the optimal conditions for creating various sensors of external influences
based on HC silicon samples.

It is known that zinc in silicon acts as a double acceptor with ionization energies E;=Ev+0.31 and
E>»=Ev+0.50 eV [1-3]. A study of the surface morphology using an atomic force microscope (AFM) and the photoelectric
properties of diffusion zinc-doped silicon samples showed that nano-sized multi-charged clusters are formed in them [4].
These clusters significantly change the structure of the energy states of the zinc atoms in silicon. As a result, instead of
the above two acceptor energy levels corresponding to a single zinc atom, other deep energy levels appear with the
participation of zinc nanoclusters lying in the range of values E=Ev+(0.16+0.617) eV, which is consistent with the
data [5].

2. EXPERIMENTAL METHODS, RESULTS AND IT’S DISCUSSION
To elucidate the mechanism of current flows in HC samples of silicon diffusion-doped with zinc with different types
of conductivity and degrees of compensation, of both n- and p-type conductivities with resistivity lying in the range
of 10%+10° Q-cm at T = 300 K were obtained using the high-temperature diffusion method according to the technology
described in [6]. Ohmic contacts to the studied samples were created by laser soldering of copper wire with a diameter
of 100 um or by applying conductive silver paste [7].

The measurement of the /- characteristics of diffusion-doped HC Si<P, Zn> samples of both p- and n-types,
was carried out according to the method described in the [8]. Samples of p- or n- n-conductivity types in the form
of parallelepipeds with dimensions of 10x5x0.3 mm? were included in a circuit consisting of a series-connected
load resistance Ry and a stabilized voltage source. The voltage generator mode (Rs > Ri) was performed regardless
of the current flowing through the sample. An incandescent lamp, powered by direct current, served as a source of
lighting.
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2.1 Results And Discussion
A study of the [~V characteristic of HC silicon samples diffusion-doped with zinc of both n- and p- types of
conductivity and with electrical resistivity in the range of 102+10° Q-cm at T = 300 K showed that the I~V characteristic
in the dark contains three characteristic sections (Figure 1).
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Figure 1. /-V characteristics of Si<P, Zn> samples with Figure 2. I~V characteristics of n—Si<P, Zn> samples with
different specific electrical resistances and types of conductivity p =5.74-10* Q-cm, 7= 300 K
in the dark at 7=300 K

The first section in the dependence [ = U“ is linear (the exponent « lies in the range 0.97+1.03) for all studied
samples whose length in voltage increases approximately 10 times with increasing p (for example, 0.1 +10 V for a sample
with p=1.3-10> Q-cm and 0.1 + 100 V for a sample with p = 6.91-10* Q-cm). The second section is superlinear (the
exponent is equal to the value 1.28 + 1.97). The third section of the /-V characteristic is a section of a sharp increase in
current from voltage. Here the value reaches up to 25.03. At first glance, the last section looks like an electrical
breakdown. However, repeated measurements have shown that the experimental data is repeatable; therefore, we can say
there is no electrical breakdown here. It should be noted that the exponent increases sharply in this section with increases
of the p.

Figure 2 shows the I-V characteristics of n—Si<P, Zn> samples, also taken at room temperature and in the presence
of illumination with an intensity of 0.6-90 Ix.

0,030 -

]

1000 | A .
= n-Si<P, Zn>, p =5.7-10" Q-cm

“ e p-Si<P, Zn>, p=6.9-10* Q-cm < 00251
> | £
uF 800 %
k] £  0.020-
2 3,
Q \m =
S 600 \ g
2 § 00151
o o 5
©° | b=
2 £
@ \ h -—
g 4007 " S 0010
< —_
= 5

\ . _ o = n-Si<P, Zn> p = 5.7-10* Q-cm
) I
200 1 ° 0.005 ® p-Si<P, Zn>p=6.9-10* Q-cm
i . ) .
T T T T 1 ! T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
lllumination, /x lllumination, Ix

Figure 3. Dependence of the threshold voltage of the current Figure 4. Dependence of the magnitude of the current jump on
jump on the illumination of the light the illumination of the light

As can be seen from Figure 2 the /- Characteristics of n—Si<P, Zn> samples taken at low illumination of light have
three characteristic sections [9]. The first almost linear section with the exponent ¢ = 0.99 lies in the voltage range
0.10+9 V, then follows the superlinear section with &= 1.24 lying in the voltage range 10+90 V, then follows the sublinear
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section with the exponent &= 0.554 lying in the range 100950 V [10]. As the light irradiance value (LIV) increases, the
number of characteristic areas and the nature of the I = U% dependence changes. So, for example, at 6.25 Ix the number
of characteristic areas reaches six and this number is maintained for all LIV. In this case, the voltage extension of the first
ohmic section is preserved for all values of the LIV. The nature of the second section does not change, i.e. it's always
super linear. However, the degree of superlinearity increases from the beginning, and having reached a maximum
(a=1.77), it decreases (& = 1.55). The third section at low LIV is sublinear (¢ = 0.68) and with increasing LIV the
sublinearity decreases (¢ = 0.75) with further growth of LIV it first turns into a linear dependence (¢ = 0.97) and then
becomes superlinear (o= 1.15). The fourth section at relatively low LIV (6.25-23 [x) exhibits a superlinear dependence
(a=1.44+2.04), then, as in the third section, it first turns almost linear (o= 1.08), and then a weak sublinear relationship
(a = 0.90). The fifth section is a section of a sharp jump in current downward in value. The threshold voltage
corresponding to a current surge depends on the LIV. At low LIV, the jump occurs at higher values of voltage applied to
the sample. With increasing LIV, the current sharply decreases, and, starting from 23 /x, the current jump does not depend
on the LIV (Figure 3), but the magnitude of its jump (Al = Inax — Imin) depends on the LIV. At low LIV, the value of Al is
small and with increasing LIV it increases sharply, and, starting from LIV 23 Ix, its growth slows down (Figure 4).

Figure 5 shows the -V characteristics of HC samples p—Si<P, Zn> with p = 6.91 -10* Q-cm taken at a temperature
T =300 K in the presence of illumination with an intensity lying in the range of 0.6+100 /x.
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Figure 5. -V characteristics of n—Si<P, Zn> samples with p = 6.91-10* Q-cm, 7= 300 K

As can be seen from Figure 5, in contrast to n—Si<P, Zn> samples, the /-V characteristics of p—Si<P, Zn> taken at
T =300 K and low LIV contain 6 characteristic sections (instead of three). These are sections: the first almost linear
section with the exponent or= 0.98 lies in the voltage range 0.10+9 V, and this dependence is preserved for all LIV, then
follows the second superlinear section with = 1.73+2.08, lying in the voltage range 10+30 V, followed by the third
sublinear section with the exponent & = 0.42, lying in the range 40100 V. With an increase in the LIV, this section
moves to a superlinear dependence with the exponent ¢ lying in the range 1.27-+1.45. Next comes the fourth superlinear
section with o= 2.55. With increasing LIV, this dependence becomes sublinear, and the value decreases. The fifth is a
section of a sharp jump in current downward in value. The voltage corresponding to the current surge depends on the
LIV. At low values of the LIV, the jump occurs at higher values of the voltage applied to the sample. With increasing
LIV, the threshold voltage value decreases sharply, and starting from 23 /x, as in the case of p—Si<P, Zn> samples, it
ceases to be affected by the LIV (Figure 3). In this case, the magnitude of the jump (Al = Inax — Imin) also depends on the
LIV. At low LIV, the value of Al is small, but with increasing LIV it increases sharply and, starting from LIV 23 Ix, its
growth slows down (Figure 4). It should be noted that in n—Si<P, Zn> both the value of the threshold voltage Uy, and the
value of Al are always greater than in p—Si<P, Zn>.

The nonlinearity of the /-V characteristic occurs not only in many semiconductor devices, in which the main working
element is p-n junctions but also in many semiconductor materials in which p-n junctions are completely absent [11]. In
semiconductor materials, if we exclude the influence of contacts, nonlinearity is most often due to the effects of strong
fields. It is known that in strong electric fields, there is a dependence of mobility on the field strength until velocity
saturation, NDC, impact ionization, and breakdown. However, in weak electric fields, the manifestation of nonlinearity
of the I~V characteristic is also possible [12].

In [6], it was shown that in the silicon samples we studied, diffusion-doped with zinc at low voltages, the dependence
of the current flowing through the sample on the applied voltage is linear. At higher voltages, nonlinearities appear in the
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I-V dependence, which is described by the theory of limited space charge current (SCLC) by trapping holes at levels
created by zinc atoms located in the band gap of silicon [13].

However, the exact reasons for the nonlinear nature of the /- characteristics in semiconductors have not yet been
unambiguously established [14]. According to [15], the nonlinearity of the relationship between excess carrier
concentrations in compensated semiconductors leads to a complex dependence on the parameters that determine the shape
of the -V characteristics on the injection level. An important role in the formation of the /~V characteristics of the diode
structure is played by the bipolar drift mobility and the effective diffusion coefficient. In the expressions that determine
the above quantities, there is a function v(p)=dn/dp, the form of which is determined by the specific type of the system
of deep impurity levels in the compensated semiconductor. At low and high injection levels, when carrier concentrations
are related by a linear dependence and the value of v(p) is constant, the influence of equilibrium parameters on the values
of mobility and diffusion coefficient has a weak effect. When considering the mechanisms responsible for the behavior
of the I~V characteristics of a compensated semiconductor, it is necessary to take into account the influence of
simultaneous changes in the bipolar drift mobility and the effective diffusion coefficient, which is a difficult task in
practice.

In our case, possible reasons for the nonlinearity of the /- characteristics in Si<P, Zn> samples may be the following
mechanisms: 1) currents limited by space charges; ii) and ionization of impurity centers in strong electric fields [14, 16]. As
was shown in [14], when a voltage is applied to samples with high resistance, an injection current appears in the circuit,
which obeys the power law J ~ E2. The nonlinear sections of the /-V characteristics in such samples containing shallow
and deep traps were mainly associated with the possibility of implementing monopolar or double injection.

In the HC Si<P, Zn> samples we studied, there are — (slow, associated with doubly ionized zinc atoms) and s—
(fast, levels arising during high-temperature diffusion) recombination centers, as well as #— trap levels associated with
shallow levels [17]. This suggests that in fields where a quadratic dependence J ~ E? is observed, the /-V characteristic
exhibits a trap character of conductivity. The experimental data obtained in the corresponding sections of the -V
characteristic show that in p- and n-type Si<P, Zn> samples, the transport of charge carriers in electric fields with a
strength of less than 10? V/cm is mainly due to monopolar injection and is consistent with Lampert’s theory [9].

The sections of the /-V characteristic with & < 1 that we studied for p- and n-type Si<P, Zn> samples can be
satisfactorily explained within the framework of the theory of the “injection depletion effect” [13]. The appearance of
sublinear sections of the /-V characteristic is theoretically possible only in the case of counter-directions of ambipolar
diffusion of nonequilibrium current carriers and their ambipolar drift, which in our case is mainly determined by injection
modulation of the charge of deep levels [18]. Due to the difference in diffusion coefficients, holes move slowly, and
electrons run far ahead, which leads to their separation in space and an electric field arises between them, inhibiting their
movement. A decrease in their speed causes a decrease in current, which in turn leads to the appearance of sublinear
sections of the /- characteristic.

Analysis of the results of experimental data obtained at relatively high electric field strengths (at E > 102 V/cm)
shows that the increase in electrical conductivity with increasing E is associated with an increase in the concentration of
excess charge carriers. This circumstance allows us to assume that the presence of a region of the sharper current growth
in the I-V characteristic, where &> 3, can be explained by the fact that in Si<P, Zn> p— and n-type samples at such E,
depletion (or ionization) occurs traps stimulated by an electric field.

There is another mechanism that also leads to a strong change in the concentration of charge carriers. This may be
due to a sharp increase in the degree of ionization of small donors or acceptors when free carriers are heated by an electric
field. Such a sharp increase in the degree of ionization can be associated both with an increase in the rate of impact
ionization upon heating of charge carriers and with the field dependence of the probability of their capture by similarly
charged traps. This is only possible at very low temperatures. In fields of the order of 10? V/cm, almost complete release
of charge carriers from traps occurs, which leads to sharp superlinearity of the /-J characteristic. At present, however,
there is still no complete clarity regarding the specific mechanism of origin of the region responsible for NDC [10].

The origin of the fifth region, where a downward current jump is observed at certain values of voltage applied to the
sample, is not yet completely clear. Such a current jump may be associated with the “opening” of a new additional
recombination channel associated with zinc atoms. In this case, the capture cross section for nonequilibrium charge
carriers at the center corresponding to this channel probably depends on the electric field strength. When the threshold
voltage value is reached, this channel “opens”, which leads to a sharp decrease in the number of current carriers and
corresponds to a current jump down in value.

In [19], a model of a semiconductor with quantum dots (QDs) was used to explain the experimental data obtained.
It is known that the presence in the band gap of a semiconductor of various traps for charge carriers associated with
impurity atoms significantly affects the type of their /-V characteristics. This is especially evident in HC semiconductor
materials. In this case, S- or N-shaped sections also appear on the /-V characteristic instead of a linear section, followed
by quadratic and almost vertical dependencies. /-V characteristics with several NDCs or the simultaneous presence of S-
and N-shaped characteristics are also possible [10].

The results obtained can be interpreted in such a way that zinc atoms in silicon, with strong compensation, form not
only single deep levels but also an entire band of levels characteristic of nanoclusters (or quantum dots) with large carrier
capture cross sections [7].
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The value of the electrical resistivity of Si<P, Zn> samples of both n- and p-type conductivity with NC with different
charge states, obtained by high-temperature diffusion lies in a wide range (p~10>+10* Q-cm), i.e. they are quite high-
resistance. These NCs are deep traps for charge carriers. Unlike conventional traps, where carriers are at a fixed energy
level, in NC they are not only bound but can also be at different quantized energy levels with different densities of states
and capture cross sections. The nature of their distribution among levels depends on the degree of compensation, on
injection, etc., in addition, the process of tunneling between NCs is possible. Therefore, it should be expected that the /-7
characteristics in such materials should have their characteristics, which were experimentally discovered in the Si<P, Zn>
samples with NC we studied [20].

It should also be noted that with a decrease in the resistivity of the samples, the value of the vertical section of the I-V
characteristic also decreases. Knowing the charge carrier concentrations at a given temperature, we calculated the positions
of the Fermi level in these samples at T=300 K, which are F1=0.35 eV, F,=0.43 eV, and F5=0.49 eV, respectively. Therefore,
it can be assumed that in these samples the NCs act as traps with different concentrations and ionization energies, which are
higher than the Fermi level. We can consider that in the samples under study there are only NCs with different charge
multiplicities and assume that the detected energy levels correspond to their different charge states.

3. CONCLUSIONS

Based on the studies of the electrical properties of silicon samples diffusion-doped with zinc, it was established that
the -V characteristic consists of several characteristic sections (the number of which can reach up to 6): linear, sublinear,
superlinear, switching point, and section with NDC. Their number and voltage ranges depend on the temperature, degree
of illumination, and resistivity of the sample.

The sublinear sections of the /-V characteristic observed in p- and n-type Si<P, Zn> samples can be satisfactorily
explained within the framework of the theory of the injection depletion effect. The observed quadratic dependencesJ ~ E?
in the /- characteristic can be associated with the influence of traps on conductivity. In the p- and n-type Si<P, Zn>
samples we studied, the transfer of charge carriers in electric fields with a strength of less than 10? V/cm is mainly due to
monopolar injection and is consistent with Lampert’s theory.

The presence of a region of sharper current growth in the -V characteristic, where & >3, can be explained by the
fact that in Si<P, Zn> p- and n-type samples at such electric field strengths, emptying (or ionization) of traps occurs,
stimulated by the electric field.

The observed features in the /-V characteristic are mainly associated with the formation of nano-sized multiply
charged clusters, which significantly change the structure of the energy states of zinc atoms in silicon. As a result, instead
of the well-known two acceptor energy levels corresponding to atomic zinc, a whole spectrum of deep donor energy levels
of zinc nanoclusters appears lying in the range E=Ey+(0.16+0.4) eV.
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MEXAHI3MH CTPYMY B 3PA3BKAX KPEMHIIO, JIETOBAHOI'O JU®Y3I€I0 HUHKY, IPU T =300 K
E.C. Apsikyiaos®S, M. Papkaéosa?®, Croe Ilyii¢, JIro Tenr®, C.H. Cpacg?, H. Mamarkysos®, III.Jl:x. TyBonaikos?,
Bacuiab O. Ilenenopuu®e, b. SAur’
Camapkranocokutl OeporcasHutl yrieepcumem imeri Lllapogha Pawuoosa,
140104, Yuisepcumemcokuii 6ynveap, 15 Camaprkano, Pecnybnixa Y3bexucman
bCamaprandcoruii deporcasnuii ynisepcumem semepunapnoi meduyunu, meapunHuymea ma 6iomexnonozit,
140003, eéyn. Mip3zo Ynye bex, 77, Camapxano, Pecnybnixka ¥Y36exucman
¢llIxona mamepianoznagcmea ma indicenepii LlleHvbancbko2o aepokocmiuHo20 yHigepcumemy,
37 Iisoenna asento /laoi, lenvan, Kumaii
Inemumym mexuonoziunux nayx Yxanocokozo ynisepcumemy, Yxano, 430072, Kumaii
¢Knrouosa nabopamopisn upobHUYmMea eleKkmpoHiku ma inmezpayii ynaxkoexu 6 Xyoei, Yxaunvcokuil ynigepcumem, Yxaus, Kumai
MIxona emepeemuxu ma mawunobyoysanus Yxauvcoko2o yuieepcumemy, Yxano, Kumaii

Jana po0oTa NpHUCBsIYCHA BUBUCHHIO NMPOTIKAHHS CTPyMy B IH]y31HHO JIErOBaHUX 3pa3Kax IIMHKOBOIO KPEMHIIO B TEMpSBI Ta IpH
OCBITJICHHI CBITJIOM 3 IHTEHCHBHICTIO B Jiana3oHi Bix 0,6 mo 140 sk i remmeparypi 300 K. ITpu T = 300 K i B rempsiBi Bug BAX mictus
yci JUISHKH, XapaKTepHi JUIsl HaIliBIPOBIIHHKIB 3 INIMOOKUMH €HEPreTHYHUMHU PiBHSAMHU. BCTaHOBIIEHO, 1110 NTPU OCBITIICHHI CBITIOM
Bu BAX nocnimkyBaHuX 3pa3KiB KPEMHIIO 3aJIe)KaB Bijl BEJIMYMHY NIPUKIIAAEHOT HAIPYTH, TUTOMOTO €JIEKTPUYHOTO OIOpY 3pasKiB,
IHTEHCUBHOCTI CBIT/a, a 1X KUIbKICTh Jocsraia 6. Py [bOMY CHOCTepiranucs JNiHilHi, CyOsiHiiHI Ta CyHnepiiHiiHI AISHKY, a TAKOX
TOYKa MepeMHuKaHHs (pi3kuil cTpuOOK CTpyMy) i obmacti 3 Bim’emHow audepeHuiansHoro nposignictio (HIIT). HasBaicte nux
XapaKkTepHUX IUISTHOK NPUKIAZCHOI HAIPYTH Ta iX XapakTep 3ajeKalld Bil iHTEHCHBHOCTI cBiTIa. OTpHMaHi eKCIIepUMEHTaJIbHI JaHi
iHTEepIpeToBaHO NpH (HOPMYBaHHI HU3bKOPO3MIPHUX O0'€KTIB 32 y4acTIO 0arato3apsAHUX HaHOKJIACTEPiB HUHKY B 00'€Mi KPEMHIIO.
Bonu 3MiHMIN €HEepreTHYHY 30HHY CTPYKTYpPY MOHOKPHUCTAJIIYHOTO KPEMHIIO, [0 BIUIMHYJIO Ha IPOIECH IeHepamii-pexomMOinamii B
Si, mo npu3Beno xo tumiB BAX, ski criocTepiraiucs B eKCIICpHMEHTI.

KurouoBi ciioBa: necosanuii kpemnii; BAX; necamusna oughepenyianoha npogioHicms, Maropo3MipHi 06 €kmu, HAaHOKIACMEPU YUHKY





