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Abstract

The results of our recent studies of controlled modifications of the photoelectrical
properties of n-Si due to B* ion implantation are supplemented with new data, sum-
marized and analyzed. The starting material was wafers of single-crystalline n-Si and
a silicon-on-insulator structures. p-n-Si structures were fabricated by ion implantation
of B* in doses ranging from 1 x 10" to 1 x 10" cm™ and ion acceleration energies of 50
and 32 keV. Subsequent annealing was performed both by steady-state (900 and 1000°C,
20 min) and pulsed photon processing. In such structures, a pronounced photosensitiv-
ity is observed in the short-wave infrared range (1.5-2.2 um), as well as in the ultraviolet
region within 0.25-0.40 um. A well-defined correlation between the structural, electrical
and photoelectrical properties and the implantation and annealing regimes, as well as the
content of C and O impurities is demonstrated. In the starting material, a damaged layer
with a thickness of hundreds of nanometers was found to have a significant effect on the
results obtained. The main results are discussed in terms of the formation/transforma-
tion of deep-level extended defects in n-Si during B* implantation followed by annealing.
Innovative application approaches of the technology are obvious.

Keywords: single-crystalline n-Si, damaged near-surface layer, boron ion implantation,
annealing regimes, p-n-Si structures, IR and UV photosensitivity, C and O impurities,
deep level extended defects

1. Introduction

Studies of the optical and photoelectric properties of semiconductors are in most cases equiv-
alent with respect to their scientific and practical significance. The first aims at a thorough
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understanding of the processes involved in a particular material behavior under the influence
of electromagnetic radiation (EMR). The second is due to the variety of EMR semiconductor
converters used in various fields of technology.

Apart from a more classical point of view which looks at the sensitivity of a semiconductor
to various regions of the EMR spectrum depending on the bandgap, materials the initial fun-
damental properties (structural, electrical, optical) of which are modifiable due to the specific
impact of technological processes [1] are of ever increasing interest.

The classical approach cannot solve all the problems that arise when developing detector/sen-
sor systems, e.g. for specific ranges of the infrared (IR) and ultraviolet (UV) spectra. Therefore,
new technologies are emerging, in particular the so-called defect engineering. Applying this
scientific-technical approach, a number of fundamental semiconductor characteristics are
changed due to purposefully creating a variety of defects that modify the material proper-
ties. The effective behavior is sometimes difficult to understand - the practical result can be
observed immediately, whereas its interpretation turns out to be rather complicated requiring
quite a number of various tools and methods of investigation and characterization.

A very attractive and promising material for a variety of applications with respect to modify-
ing its properties is unipolar silicon with its high level of processability and easy availability.

Because silicon is transparent for wavelengths exceeding 1.1 um, it cannot be used directly
e.g. for the development of IR photodiodes. One of commonly applied methods to obtain vari-
ous structural modifications, is changing the width of the Si bandgap using Ge. Most efficient
structures are grown by molecular beam epitaxy (MBE).

In [2], it was shown that, when single crystalline Si is subjected to electropulse treatment,
the self- absorption edge of the material shifts to 1.33 pm. This is undoubtedly referred to a
change in the band structure of Si allowing for bandgap engineering, but so far the practical
application potential of the technology is unclear.

In some cases, ion implantation (II) can be considered as an alternative to the MBE method. II
enables the materials’ researcher and engineer to tightly control the introduction of impurities
into the semiconductor, creating a variety of defects the type, concentration and electrical activ-
ity of which are largely determined by the conditions of post-implantation annealing [3, 4].
Altogether, by applying such processes the fundamental properties of the material are changed.

Undoubtedly, this area of technology is not only of scientific but also of practical interest, as
it provides access to specific semiconductor electro-optical EMR converters which include
detecting devices for various ranges of IR and UV spectra [5, 6].

The II technology is attractive because of its relative simplicity, reproducibility and low-cost
potential. However, the physical mechanisms behind the influence of certain defects on the
optical and photoelectrical properties of the material are not easily evident. Such defects are
not only formed during II, but also transformed by annealing in the subsequent heat treat-
ment process. Therefore, defect engineering requires various techniques to be involved such
as Raman and IR spectroscopy, X-ray diffraction, transmission electron microscopy (TEM),
photo- and electroluminescence, deep-level transient spectroscopy (DLTS), etc.
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It is known that in silicon technology, boron is one of the widely used impurities, e.g. for
the production of single-crystalline p-type material, creation of p-n junctions, etc. A large
number of original papers were published and many overviews articles have been devoted to
the study and description of defects formed during ion doping of Si with boron (see [7-11],
etc.). In general, it is shown that applying the process of II, a wide range of defects is formed,
which, due to annealing, evolve from point-like to complex extended defects. For light ions
(such as boron) implanted into single-crystalline silicon, for each set of dose-annealing condi-
tions a special type of defects predominate [4].

In [4, 12] it is concluded that the formation of residual extended defects in silicon needs an
dose “threshold”. This means that such structural disorder during heat treatment (at least
700°C) arises only if a critical concentration of point defects has accumulated. For boron ions
with energies of 10-100 keV this occurs at doses of the order of 1x10'* cm™.

It was found that most point defects in Si are annealed at temperatures up to 450°C [4, 7].

Extended defects formed at elevated temperatures are preserved, according to different data,
up to an annealing temperature of 1000°C and beyond [15, 16]. In [10], during B* implanta-
tion with different acceleration energies (10-80 keV) and annealing at 950°C, sufficiently large
(30-200 nm) dislocation loops were detected by TEM. It is shown that the acceleration energy
does not only affect the depth, but also the size and density of these defects. When introduc-
ing B* ions with an energy of 75 keV, dose 1x10" cm™ and annealing at 700°C, only defects of
the road-like {311} were detected by TEM. By increasing the temperature further, these defects
are transformed into dislocation loops [11].

In defect formation not only introduced but also unavoidable impurities take part. Oxygen
and carbon are one of the main accompanying impurities in Czochralski grown Si crystals
The carbon content is estimated to be 5 x 10'° to 2 x 107 cm™ and the oxygen content was found
tobe 2.5 x 10" to 2 x 10*® cm™ [4, 13].

Altogether, the presence of carbon and oxygen is directly related to the defects formed in n-Si
ion-implanted with impurities such as B since the content of impurities and inhomogeneities
in the substrate significantly affects the migration of defects induced by II as well as their
further evolution.

In the framework of this research, defects with deep levels (DL) are of primary interest.

The analysis of the DL spectrum in the silicon bandgap allows us to conclude that there is
no clear correlation between these levels and specific structural defects [14, 15]. In addi-
tion, different defects can have very similar or even identical values of the DL activation
energy.

Finally, we could not find any information on photosensitivity spectra of boron-implanted
silicon, especially in the infrared spectral range. Only sparse data is known on the research of
IR and UV photosensitivity in B- and As-implanted Si [16].

As mentioned above, data are incomplete, results partially contradictory and not fully under-
stood. Nevertheless, we can draw the following conclusions:
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1. Over the past several decades, the formation of structural distortions in the process of Il
and their subsequent arrangement due to annealing have been extensively studied both
theoretically and experimentally. Disclosing the characteristics of these distortions helps
scientists to understand and model the phenomena, such as the transient-enhanced dif-
fusion of impurities and the formation of extended defects. However, many issues con-
cerning the agglomeration of defects and their further evolution during annealing are still
unresolved, in particular how point defects are combined to form more stable and complex
structures such as clusters of defects, and how the latter evolve into extended defects.

2. Finally, even less information is available about the mechanism of the influence of vari-
ous damages on the optical and photoelectrical properties of p-n junctions formed by B
implantation into n-type single-crystalline silicon. Although the data on the photo- and
electroluminescence spectra are well documented in the literature, the absorption/pho-
tosensitivity spectra have been studied less comprehensively and are not associated with
any type of defects.

In the present work, an innovative approach to B* Il into Si as a tool for controlled modifica-
tion of photoelectric properties of silicon was proposed. Such an approach is both of scientific
and practical importance. However, the materials science involved has been less studied so
far. The new resolved issues allow one to gain a deeper insight into the processes of defect
formation/transformation in p-n structures obtained by B* implantation followed by anneal-
ing (hereinafter p-n-Si(B) structures). From the application point of view, this opens up
new opportunities for the development of IR and UV photodetectors as a part of the silicon
technology.

In this article we summarize the results of our studies of the structural, electrical, and photo-
electrical properties of p-n-Si(B).The extensive experimental material described earlier [17-22]
is supplemented with new data and findings.

2. Experimental

2.1. Formation of p-n-Si(B) structures

p-n-Si(B) structures were formed by ion implantation (implanter Vesuvii 3 M) with different
doses of 1 x 1013, 1 x 10™, 4 x 10, 6 x 10™, 8 x 10", and 1 x 10 cm™ and acceleration ener-
gies of 50 and 32 keV. For the energy 50 keV the projected range, R, and range straggling
AR, calculated using stopping and range of ions in matter (SRIM) software, were 0.175 and
0.055 pm, respectively, and for the energy 32 keV — R =0.120 um and AR = 0.052 pum. Post-
implantation annealing was carried out mainly in a steady-state regime in argon atmosphere
at temperatures of 900 and 1000°C for 20 min. For comparison, some samples were subjected
to pulse photon annealing (PPA). The design of our system allows illumination of the speci-
men surface with UV light, and of the reverse side with a halogen lamp.

Figure 1 shows a schematic view of the processed p-n structures of two types. In the case of
Figure 1a, (100) n-Si single-crystalline wafers with resistivity of about 70 or 10 Ohm-cm and
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thickness of 250 um (University Wafer, USA) were used as a starting material. According to
Figure 1b, the specimens were silicon-on-insulator (SOI) structures with the working layer
of single-crystalline 2 um n-Si with resistivity up to 30 Ohm-cm. The dielectric layer was also
2 um thick (manufacturer —Ultrasil Corporation, USA).

After B implantation and annealing, a metal composition Ti/Pt/Au (100/100/1000 A) or Ti/Au
(100/1000 A) was deposited (through a mask or by lift-off photolithography) in the electron-
beam evaporation system Temescal. The alloying was performed in the 210 HEATPULSE sys-
tem at 350°C (15 s). The first type structures (Figure 1a) had a continuous reverse contact,
and a point contact for the p-type layer. In the SOI structure (Figure 1b), both contacts were
formed on the active layer. The mesa structure was obtained by wet etching in a fluorine-
containing solution using an acid-resistant photoresist mask.

2.2. Specimen characterization techniques

Diagnostics of the structure of the near-surface layers of the initial and ion-doped material
was carried out using two-crystal X-ray diffraction on the Dron-4 installation. The first crys-
tal was the studied sample, and the second was the perfect LiF crystal. Diffracted reflection
occurred from the lattice plane hkl (531) oriented at an angle of 2°46' to the primary ray. Co,,
radiation was used for the experiment.

Raman-spectra were recorded by a Raman-microscope (Renishaw) under He-Ne laser excita-
tion with the wavelength A_ = 632.8 nm. The thickness of the tested layer was about 1.3 um,
and the wave number reproducibility was 0.1 cm™. For data analysis the software WiRE3.4
was used.

The surface morphology and elemental composition of the structures to a depth of 1 um was
studied on a YEOL ISU-6510LV scanning electron microscope (SEM). This method providing
of sensitivity 0.01% and less was used to determine the C and O composition in Si, averaged
over the sample surface.

To measure the I-V characteristics of the diodes the semiconductor parameter Analyzer L.2-50
was used.

IR reflection spectra were recorded using a Bruker IFS 66 Fourier-spectrometer within the
range of 4000-400 cm™ with a resolution of 0.4 cm™ and wave number accuracy of 0.01 cm™.
For spectra processing the software OPUS 5.5 was used.

B* implantation
B* implantation

/ e Y — -
o (100)n-Si 70 and 10 Ohmcm n-Si p=300hmcm
TiPtAu :
\ SiO, 2um
Substrate
a b

Figure 1. Schematic view of the p-n structures after processing: (a) on n-Si wafers with different resistivity (5i70) and
(5i10); (b) on SO, a, b.
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The photosensitivity of the p-n-Si (B) samples in the spectral range 1.0-2.5 pm was measured
on a MDR-2 monochromator and IR optical filters.

Since, under real conditions, the photosensitive element is exposed to a beam of light of a
limited wavelength range rather than to a non-monochromatic light, we developed a genuine
technique and created a setup called “Polychromator,” enabling illumination of samples with
“packets” of non-monochromatic light. The source of radiation are halogen or mercury lamps,
which provide irradiation of samples with light of a wide spectral range (200-4100 nm). This
range is regulated by optical filters (altogether 21) selected in such a way that their applica-
tion allows for varying the spectral ranges by consistently “cutting off” shorter wavelengths.

In our case, the short-circuit current through the element is measured and the quantity

n n+l/ (1)

is estimated, where [ is the current in the sample onto which the entire illumination spectrum
is incident, I is the current corresponding to the previous filter and I _ | is the current mea-
sured for a given particular filter (n =0, 1, 2, 3, etc.).

Below, the photosensitivity measured by this method will be referred to as “integral” as com-
pared to the data obtained by a monochromator. Such a technique allows one to qualitatively
separate the influence of the intensity and spectral composition of the incident illumination
on the electrical signal. The value determined by formula (1) may adopt in certain cases a zero
or even a negative value.

All measurements were carried out at room temperature, except for the photosensitivity spec-
tra using a monochromator, where the sample was placed into liquid nitrogen.

3. Results

For the samples of both the untreated and boron-implanted silicon with a dose of 1x10" cm™
after stationary annealing (1000°C, 20 min), the diffraction reflection curves were measured.
From these curves, the intensity of the diffraction reflection signal, the line half-width, the lat-
tice parameters, the relative lattice deformation, and the interplanar spacing were calculated
for each case (Table 1).

From the signal line width the degree of crystallinity of the sample structure can be derived:
the smaller the width, the more perfect the crystal. On the contrary, a lower intensity of the
signal indicates heavy damages of the crystal structure. It is clear that the degree of crystallin-
ity of the ion-implanted and annealed material deteriorates as compared with the untreated
one. In the ion-implanted material, an increase of interplanar spacing and of the lattice con-
stant is observed [17].

Figure 2 shows the Raman-spectroscopy results for p-n-Si (B).

The position of the band maximum of the starting material (519.4 cm™) indicates a shift
towards lower wave numbers as compared to the classical value for silicon (520 cm™), which
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Sample Lattice | Relative lattice | Interplanar | Diffraction Signal
parameter, A | deformation, spacing, A line half- | intensity,

Ar/d-103 Wi, s pulse’s

untreated 354304 - 0.017092 14.1 700

II+annealing 54311 0.1416 0,91805 17.0 600

Table 1. X-ray diffraction results.
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Figure 2. Dose dependence of the Raman spectra parameters: (a) change in the main band position (position of the
reference sample maximum is 520 cm™); (b) intensity (red), half-width (black). The dotted line shows the n-Si data (a,b).

means that n-Si has a near-surface damaged layer. In comparison with the starting material,
the maximum of the band for 1x10" cm™ is shifted towards higher values (520.2 cm™), the
intensity becomes twice as much, and the half-width decreases (qualitatively, the same pat-
tern is observed for 1 x 10" cm™ (annealing at 900°C). Increasing the II dose up to 1x10"™ cm™
and annealing at 1000°C shifts the band towards smaller wave number values, the intensity
decreases, and the half-width increases [19, 21].

Figure 3 demonstrates a typical example of SEM measurements for starting n-Si and p-n-
Si(B) annealed at 900 and 1000°C. As follows from these data, the n-Si surface is determined
by a homogeneous surface morphology (a). This is also characteristic for the surfaces of the
“annealed-only” or “implanted-only” Si. At 900°C, defects of different size appear (b), the
amount of which noticeably decreases at 1000°C (c). The samples exhibit a similar behavior
at all doses.

Figure 4 shows the diode characteristics typical of the investigated structures, implanted with
a dose of 4 x 10" cm™ and annealed at 900°C (20 min).

Figure 5 illustrates the behavior patterns of leakage currents at different implantation doses
for p-n diodes at a voltage of -2 V (a value frequently used in practice). Of particular inter-
est are the data for the Si70 samples: up to the dose of 6 x 10" cm™ no significant variance in
the leakage currents is observed, whereas at higher doses the change exceeds two orders of
magnitude. It is remarkable that samples implanted with 1 x 10"> cm™ and annealed at 1000°C
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Figure 4. I-V characteristics of the p-n diodes: (1) Si70; (2) Si10; (3) SOL
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Figure 5. Dependence of the average values of the leakage current density at =2 V on the implantation dose for different
samples: (1) Si70, without mesa-etching; (2) Sil0 with mesa-etching; (3) SOI with mesa-etching; (4) Si70 after annealing
at 1000°C (20 min).
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(20 min) exhibit a slight variation of the photoresponse intensity while a drastic (of about 20
times) decrease in the leakage currents is observed. Regarding the S5i10 sample, the behavior
of the leakage currents can be attributed only to mesa-etched diodes (currents decrease by
more than a factor of 80) [22].

Figure 6 shows the IR reflection spectra for the starting n-Si and p-n-Si(B) samples. From
these data, the plasma reflection minimum of the untreated silicon wafers is at about 650 cm™.
However, the reflection amplitude is somewhat lower than that corresponding to polished
n-Si, probably due to the damaged layer. In the p-n-Si(B) spectra the plasma minimum of
the substrate becomes less pronounced and a new minimum appears near 1400 cm™, which
is associated with the presence of a 200-400 nm thick layer with optical parameters different
from those of the substrate. The carrier concentration in p-Si is estimated to be of 2 x 10" cm™.
After implantation and annealing an increase in the band intensity of the Si-O oscillations
(1082 cm™) is observed [19, 21].

Figures 7-13 show the photosensitivity spectra obtained from several samples (5i70, Si10, and
SOI) under different conditions of II, annealing, and ion acceleration energies. In addition, for
some S5i70 samples, the photoresponse spectra were measured at 77°C.

From Figure 7 it is obvious that the photosensitivity increases for implantation doses of up 6 x
10'* cm™ and then decreases for higher doses. All short-wave infrared (SWIR) spectra exhibit
the main maximum corresponding with the wavelength of about 1.8 um (0.69 eV) and a less
pronounced (smoothed) maximum at approximately 1.9 um (0.65 eV) [20-22].

Figure 8 illustrates an example of the photosensitivity spectra of p-n-Si(B) in the range of
1.5-2.4 um at 300 K and 77 K for a dose of 8 x 10" cm™ and annealing at 900°C (20 min). As is
evident from the figure, the position of the maxima is practically independent of temperature,
whereas their intensity at 77 K is much higher than at 300 K, and the bandwidth is narrowing,
especially in the low energy region.

The influence of the annealing temperature on the photoresponse spectra of the Si70 samples
implanted with a dose of 1x10" cm™ and annealed at different temperatures was studied in
[19]. It was shown that the position of the main peak in the SWIR range, similar to the dose
dependence, does not depend on the annealing temperature. The photoresponse intensity is
maximal for the annealing temperature of 900°C and minimal for 800°C.

For low resistance silicon (5i10) the same picture is qualitatively observed (Figure 9): enhanc-
ing the dose from 1 x 10" to 6 x 10" cm™ (900°C, 20 min), the photoresponse intensity increases.
However, in this case, it is significantly lower for each fixed dose as compared to Figure 7. The
position of the maxima shifts slightly towards higher energies [22].

Figure 10 shows the influence of the thermal treatment on the photoresponse of p-n diodes
(5i10) implanted with a dose of 1 x 10 ecm™ [22].

It is seen from the figure that the PPA impact is more effective. The maximum intensity values
(curve 1) approximately correspond to the value obtained at a dose of 4 x 10" cm™ (curve 2,
Figure 9). This result requires more detailed studies.
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Figure 7. Photosensitivity spectra of the p-n diode (Si70) for different doses: (1) 1x10%; (2) 4 x 10™; (3) 6 x 10™; (4) 8 x 10™;
(5)1 %10 cm™.

In Figure 11, a photosensitivity spectrum of the SOI p-n diode is shown. In this case, the
character of the dependence differs markedly from the two previous ones: the spectrum is
extended, the main maximum is observed at 1.75 um (0.72 eV), and the second maximum is
shifted to the wavelength of 2.04 um (0.61 eV) [22].

Figure 12 shows the photosensitivity spectra of the p-n-Si(B) structures obtained at an accel-
eration energy of 32 keV, different doses (1 x 10"* cm™ and 1 x 10" cm ™) and annealed at 900°C,
20 min.

The comparison of Figures 12 and 7 shows that the maxima of the photoresponse for 32 keV
are approximately 20% higher than the corresponding values for 50 keV.
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Figure 8. The photosensitivity spectra of p-n diode (Si70) sample implanted with a dose of 8 x 10" cm™ and annealed at
900°C (20 min): (1) 300 K, (2) 77 K.
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Figure 9. Photosensitivity spectra of the p-n diode (Si10) for different doses: (1) 1 x 10'; (2) 4 x 10; (3) 6 x 10 cm™.

Figure 13 shows the photosensitivity vs. the wavelength due to the B* implantation with the
dose of 1 x 10" cm™ into the untreated material (1) and after the etching of the wafer surface
layer to a depth of about 1 um (2).

As can be seen from the figure, after the etching of the upper layer the photoresponse inten-
sity decreases by a factor of 20, and the main maximum is distinctly less pronounced. The
sample with the etched layer behaves in accordance with the proved existence of a threshold
dose of 1 x 10" cm™ to form extended defects.

Figure 14 demonstrates an example of the behavior of the p-n-Si(B) photosensitivity in sepa-
rate spectral regions within 0.2—-4.1 um. The largest photoresponse corresponds to the red,
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Figure 10. Photosensitivity spectra of the p-n diodes (Si10) for different thermal treatment conditions (dose 1 x 10" cm™):
(1) PPA at seven 3-s pulses; (2) PPA at three 3-s pulses; (3) in the stationary conditions. Annealing temperature — about
900°C.
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Figure 11. Photosensitivity spectra of the p-n diodes on SOI for the dose of 4 x 10** cm™.

near IR and SWIR spectral ranges; a photoresponse is likewise observed in the UV region. It
should be noted that, remarkably, areas with zero and negative photosensitivity are detected.
These regions are most pronounced for the preselected dose of 6 x 10" cm™. The measurement
data reported earlier [20, 22] show the dependence of such spectra on the implantation dose
and the annealing conditions.

In was shown [21, 22] that in the starting material as well as in n-Si annealed up to 900 and
1000°C or B* implanted without annealing only silicon is detected within the SEM sensitivity
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Figure 12. The photosensitivity spectra of the p-n diodes (Si70) obtained at an acceleration energy of 32 keV and different
doses: 1-1 x 10" ecm ™% 2-1 x 10" cm™ (annealing - 900°C, 20 min).
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Figure 13. Photosensitivity spectrum for p-n diode (Si70) samples implanted with a dose of 1 x 10** cm™: (1) the substrate
surface is not etched; (2) the surface etched to a depth of about 1 um; in the upper right corner the dependence of 2 is
presented in an enlarged scale.

range. A completely different picture is obtained for the p-n-Si(B) structures (Figure 15a): a
surprisingly high content of C and O is detected in the samples, depending on the implanta-
tion and annealing conditions. For comparison, Figure 15b shows the dependencies of the
integrated photosensitivity on similar technological conditions.

The detection of C and O after implantation and annealing indicates the gettering of these
impurities via the specimen surface. From the concentration levels it is quite likely to assume
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Figure 14. Spectral dependence of the integral relative photosensitivity for the p-n-Si(B) structure at the dose of 6 x 10™
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that oxygen has the most critical effect on the formation of defects responsible for the pho-
tosensitivity: the lower its content, the higher the photoresponse at both annealing tempera-
tures applied. The C content, though higher than that of O in our case, appears to be less
critical.
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Figure 16 illustrates the presence of a pronounced photoresponse in the UV range for differ-
ent doses and annealing temperatures, even under EMR of weak intensity. For comparison,
similar dependencies for the IR range are also displayed [21].

As indicated by the figure, the annealing temperature has quite a different effect on the pho-
tosensitivity in the UV and IR spectral ranges. For both cases the maximum photoresponse
is accounted for a dose of 1 x 10" cm™, for the UV it slightly depends on the annealing tem-
perature. The behavior of the UV photoresponse for the two other doses applied is almost the
same.

It is interesting to note that, in the 1000°C annealing temperature regime, the photoresponse
signals in the IR range are practically identical for all three implantation doses.

4, Discussion

From our results of studies of n-Si wafers using Raman (Figure 2) and IR (Figure 6) spectros-
copy we conclude that there is strain in the crystal structure due to the damaged near-surface
layer of the material [19, 21]. According to some literature data [23], such a distorted layer
can range from hundreds of nanometers to tens of microns, and in our case [21], within the
measurement accuracy, it has a depth of several hundred nanometers. Obviously, this layer
affects the variance in the characteristics of the material when doped by II. X-ray diffraction
data suggest (Table 1) that there is no complete restoration of the structure after the II even
with an annealing temperature of up to 1000°C.
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It is established (Figures 7-12) that for all materials under the II and annealing regimes
applied in our research work, the photosensitivity is observed in p-n-Si(B) within the wave-
length range of 1.5-2.2 um with two maxima of about 1.8 um (main) and 1.9 pum (less pro-
nounced) for Si70 and Sil0. For SOI they are shifted towards lower and higher wavelengths,
respectively.

In an attempt to explain the observed effects, it seems reasonable to rely on a complex physical
mechanism indicating that the formation of extended defects with DL in the bandgap, occurs
mainly in the damaged layer of the starting material. This assumption is supported by the
following experimental results. Figure 13 illustrates that the presence of the damaged layer
can shift the “threshold” conditions of the formation of extended defects from a dose of 1 x
10" cm™ to 1 x 10" em™. Decreasing the ion acceleration energy from 50 to 32 keV (Figure 12)
or replacing stationary regimes by PPA (Figure 10) leads to a marked increase in the intensity
of the photoresponse with II doses unchanged. Apparently, the energy change leads to the
change in the size and density of extended defects [10], and during PPA the shift of the p-n
junction towards the more distorted near-surface region takes place.

From common knowledge on the formation/transformation of defects in B* implanted n-Si
at annealing temperatures of 900 and 1000°C that we essentially applied in our studies, it is
expected that point defects, small clusters and defects road-like{311} should be completely
annealed. However, during the annealing process, defects {311} form dislocation loops of
various configurations that persist up to 1000°C and above. Regardless of the doses for Si70
and Sil0, some defects form DL in the bandgap with activation energies of about 0.7 and
0.65 eV. The corresponding maxima (main and smoothed) in the photosensitivity spectra are
characterized by their intensity that differ with respect to their dose and annealing depen-
dency. The increase in the photosensitivity intensity up to the dose of 6 x 10'* cm™ is associ-
ated with the growing concentration of these defects. Increasing the dose further up to 1 x 10"
cm? the number of electrically active defects decreases and new defects appear that do not
affect the photoelectric properties of the material. A sharp intensity increase and a marked
band half-width decrease at 77 K indicate an increase in the occupation of DL formed by
defects responsible for the photosensitivity (Figure 8). Altogether, it is reasonable to assume
that, under these implantation and annealing conditions, the electrically active defects are
generally evolving dislocation loops [9, 10].

The behavior of leakage currents (Figure 5) at high doses of II and annealing at 900°C can be
described by the formation of new dislocation-type defects, a part of which leads to generation-
recombination processes in the space charge region and affects the reverse current in the diode.
At 1000°C these defects are annealed, reducing the leakage currents by a factor of about 20.

The understanding of the defect formation mechanism becomes even more complicated due
to the observed correlation between the content of carbon and oxygen impurities in the sur-
face layer and the IR photoresponse at different doses and annealing regimes (Figure 15).
At this stage, we can only assume that the effect of oxygen on the defects responsible for the
photosensitivity is much stronger than that of carbon: for oxygen the shape of the dose depen-
dence curve at 900°C exhibits an opposite behavior to that of the photoresponse at the same
temperature. In addition, after implantation and annealing, a change in the band intensity of
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the Si-O oscillations (1082 cm™) with increasing annealing temperature from 900 to 1000°C
is observed (Figure 6). The role of carbon might rather be indirect, since an increase in the
carbon content reduces the concentration of gettered oxygen. The negative effect of oxygen
on the photoresponse intensity is also reported in [24]. If annealing occurs at 1000°C, all these
processes are much less pronounced.

Another interesting effect is observed on the integrated photosensitivity spectra (Figure 14)
at EMR energies exceeding the bandgap value of silicon - the appearance of areas of zero and
negative photosensitivity. The light absorption coefficient in this spectral region a = (1-5) x
10* cm™ and the corresponding absorption depth is of the order of 1 um. The appearance of
areas with negative photoresponse depends on the spectral composition of the incident light,
and the intensity at the same annealing temperature (900, 20 min) depends on the II dose,
increasing from 1 x 10" to 6 x 10" cm™. The observed negative photosensitivity is apparently
due to the presence of surface levels in p-n-Si(B) structures, which are trapping centers of the
majority charge carriers. The population of these levels depends on the spectral composition
of the light, and their concentration and depth are determined by the processing conditions
of ion doping.

Itis evident from the data of Figure 16 that the mechanisms of photoresponse in SWIR and UV
regions are completely different. At high energies of the EMR in the UV region, the absorption
processes must occur in the surface layer. Most likely, the intensity of the UV photoresponse
should increase with the annealing temperature due to a decrease in the concentration of trap
centers.

The share of the photosensitivity in the SWIR is estimated to be up to 9%, whereas in the UV
region it is up to 7% of the total photosensitivity in the range of 200—4100 nm (Figure 14 and
[18, 19, 21]).

In general, the interpretation of a number of obtained data and the underlying physical mech-
anisms requires additional clarification.

Itis important to note that the technology itself and the measurement results are well reproduc-
ible. Hence, using the damaged layer in the starting material, it is possible to realize the con-
trollable photoelectrical properties of p-n structures and propose this process as an innovative
approach to the development of SWIR array photodetectors. In this respect, high-resistance
n-Si samples implanted with a dose of B* 6 x 10" cm™ and annealed at 900°C (20 min) may find
practical application as SWIR pixel arrays. Based on SOl structures, a quasi-planar array can be
developed, especially for those cases where a relatively weak output signal is “compensated”
by low leakage currents. The development of a UV detector technology is also envisaged.

5. Conclusions

The results of the recent original studies in the field of purposeful modification of the pho-
toelectrical properties of n-Si due to B* ion implantation are supplemented with new data,
summarized and analyzed.
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The starting material was wafers of single-crystalline n-Si with different resistivity (70 and
10 Ohm-cm) and a SOI structure as well. For the fabrication of the p-n-Si(B) structures, ion
implantation of B* was applied with doses of 1 x 10", 1 x 10", 4 x 10", 6 x 10", 8 x 10" and 1 x
10"® cm™ and acceleration energies of 50 and 32 keV with subsequent annealing in stationary
(800, 900 and 1000°C, 20 min) and pulse-photon regimes.

The structural characteristics of the samples were studied by X-ray diffraction, Raman and IR
spectroscopy. The surface properties of the samples were analyzed by SEM. The photocon-
ductivity (photoresponse) was studied on a monochromator in the SWIR region (1.2-2.5 um)
and on a special setup that allows samples to be illuminated with a “packet” of waves in the
range of 0.2-4.1 um.

In the studied structures, a pronounced photosensitivity was detected in the range of 1.5-
2.2 um with two maxima of about 1.8 um (main) and 1.9 pum (less pronounced) for Si70 and
Si10. For SOI they are shifted towards lower and higher wavelengths, respectively. A pro-
nounced photoresponse is detected in the UV region (0.25-0.40 um).

A well-defined correlation between the structural, electrical and photoelectrical properties in
SWIR and UV regions on the one hand, and implantation and annealing regimes as well as
the content of C and O impurities on the other hand, is demonstrated. In the starting material,
a damaged near-surface layer with a thickness of hundreds of nanometers was found to have
a significant effect on the results obtained.

The effects observed in the SWIR range are discussed in terms of the formation/ transforma-
tion of extended defects with DL (0.7 and 0.65 eV for Si70 and Si10, 0.72 and 0.61 eV for SOI)
in the material, most likely dislocation loops. The photoresponse intensity in the UV range
seems to be associated with a change in the concentration of trap centers in the near-surface
layer of p-n-Si(B) structures. The regions with a negative photoresponse observed on the inte-
grated photosensitivity spectra depend on the spectral composition of the incident light. We
attribute this effect to the presence of trapping centers of the main charge carriers in the near-
surface layers of the sample.

Taking into account that the technology itself and the measurement results are well reproduc-
ible for different monocrystalline n-Sj, it is evident that boron implantation permits controlled
modification of photoelectrical properties of the material.

The results obtained can be used to develop SWIR pixel and quasi-planar arrays and UV
detectors as well.
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