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IR absorption spectra for n-Ge and n-Si single crystals, irradiated by fast electron flows,
were investigated at room temperature. Additional absorption bands in the long-wave IR range,
which are associated with the created radiation defects, were identified in these spectra after
irradiation. In particular, in germanium: the absorption band at 15 pm for the VO,l,5, complex
(vacancy-oxygen complex, two interstitial germanium atoms); in silicon: the absorption band at
12 pm for the A-center (vacancy-interstitial oxygen atom complex) and the A-center, modified by
the phosphorus impurity (VO,P complex), and the absorption band at 11.6 pm, which is associ-
ated with the C,0; complex (interstitial carbon-oxygen). The analysis of absorption spectra for
the irradiated germanium and silicon single crystals and the calculations of the relative values
of the photosensitivity coefficients for the obtained absorption bands show that the photosensi-
tivity of these single crystals in the long-wave range of IR radiation increases with increasing
the electron irradiation flow. This is due to an increase in the concentration of created radiation
defects, which are absorption centres for IR radiation and, accordingly, determine the value of
the photosensitivity coefficient. Electron-irradiated n-Ge and n-Si single crystals can be alterna-
tive materials to much more expensive and “cooled” narrow-gap semiconductor materials which
are used in the devices controlling long-wave IR radiation.

Keywords: irradiated n-Ge and n-Si single crystals, radiation defects, photosensitivity coef-
ficient, IR radiation.

Papianiiitno-monudikosani monokpucranu n-Ge ta n-Si giua [U-rexniku. C.B. Jlynvos,
JI.A. Baxapuyx, JI.FO. 3abpodoupra

Jlsist MmoHOKpHCcTasTiB n-Ge Ta n-Si, ompoMiHeHUX MBUIKUMHU ITIOTOKAMU €JIEKTPOHIB, 0yJIO JI10-
cmisreno crektpu [Y-nornmbuanHs npu KIMHATHINA TemiiepaTtypi. B criekrpax micist ompomiHeH-
Hs OyJix 1IeHTH(IKOBAHI JOJATKOBl CMyry IOTVIMHAHHS B JIOBrOXBUJIbOBoMYy [Y-miamasomi, skl
[OB’A3aHHI 3 YTBOPEHUMHU paialliiHuMu JedpeKTamMu. 30KpeMa, B TepMaHil: cMyra IIOTJINHAHHSA
mpu 15 mrm mia komiiekcy VOlyg, (KOMILTEKE BakaHCIA-KHUCEeHD, MBAa MIsKBY3JIOBHUX aTOMH rep-
MAaHIo); B KPeMHII: cMyra HOIIMHAHHS Opy 12 MEM 171 A-IeHTPy (KOMILIEKC BaKaHCIA-MIiKBY3-
JIOBUH aTOM KHCHIO) Ta A-IIeHTPY, MOAM(DIiKOBaAHOMY JOMinTKoi docdopy (kommrexe VO,P), cvy-
ra moramHaHHA Ipu 11,6 MM, moB’asaHa 3 komiekcoMm C,O; (Mi:KBY3IOBHI ByTJIelb-KHCEHB).
AHauti3 CreKTpiB MOrJIMHAHHS JIJIS OIIPOMIHEHUX MOHOKPHUCTAJIB TePMAHII0 Ta KPEeMHII0 Ta IIpo-
BeJIEHUX PO3PAXyHKIB BITHOCHUX 3HAYEHBb KOEPIIIEHTIB POTOUYTIUBOCTI JIJIS OJIEPIKAHUX CMYT
TOTJIMHAHHS TI0KA3ye, 10 (POTOYYTIUBICTh JAHUX MOHOKPHUCTAJIIB B JJOBIOXBUJIBOBOMY JT1AaITa30H1
TY-BumnpominoBaHHs 3pocTae 31 30LIBIIEHHIM IIOTOKY OIIPOMiHeHH esekTpoHamu. Lle mor’ss3amo
31 30LIBITEHHAM KOHIIEHTPAIIl YTBOPEHUX PaIiaIliiHuX JeeKTiB, SIK1 € IeHTPaMU ITOTJIMHAHHS
st [Y-BUnIpoMiHIOBAHHS Ta BIAMOBITHO BH3HAYAKTH BEJIMUYMHY KoedilieHTa OoTOUyTIUBOCTI.
OmnpomizeHl ejgeKTpoHaMu MOHOKpHcraiau n-Ge ta n-Si MoKyTb OyTH aJIbTepHATUBHUMH Ma-
TepiaJlaMH 10 3HAYHO JIOPOYKUHMX TA «OXOJIOKYBAJIBHUX» BY3HKO30HHHUX HAIBIIPOBITHUKOBUX
MarepiaJiiB, Kl BUKOPHUCTOBYIOTHCS B IIPHJIATaX KOHTPOJ [Y-BUIIPOMIHIOBAHHS JOBIrOXBUJIHO-
BOIO JI1amIa30Hy.
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1. Introduction

The currently well-developed technology
for growing the silicon and germanium single
crystals opens up prospects for using these
semiconductor materials in modern electron-
ics and sensors [1]. In particular, silicon and
germanium photonics are now widely used in
modern optoelectronic devices, information and
communication technologies, sensors and ener-
gy, the development of new methods of quan-
tum information theory, and biosensors [2-7].
In this regard, the efforts of many scientists
and engineers are aimed at creating compact
and high-performance components based on
semiconductor chips, using already well-known
technologies for manufacturing silicon and ger-
manium microelectronic elements. The main
method of modifying the electrical and optical
properties of semiconductor materials, in par-
ticular silicon and germanium, is doping with
various impurities [8, 9]. However, the use of
this method is limited due to the low solubility
of certain impurities in semiconductors. Modi-
fying many physical properties of the complex
compounds, such as the chalcogenide glasses
or nanoporous ceramics of the spinel type
MgAl,O,, is achieved by changing the chemical
composition or defect structure of these materi-
als [10-13]. The resulting complex compounds
are often very heterogeneous in electrical and
optical properties, which is a disadvantage of
the practical application of these materials in
the manufacture of electronic components based
on them. These problems can be eliminated us-
ing radiation technologies. The ability of vary-
ing the energy, electron flow and irradiation
temperature allows for wide control over the
concentration, nature, and distribution of the
created radiation defects in the material and,
accordingly, the electrical, galvanomagnetic,
optical, and photoelectric properties of semi-
conductors. New electronic devices and sensors
can be manufactured based on semiconduc-
tor materials that have undergone additional
radiation treatment.

Single-crystalline silicon and germanium
are promising materials for photonics, in par-
ticular for the manufacture of IR radiation re-
ceivers [14—-19]. However, to register infrared
radiation of different ranges with such receiv-
ers, it 1s necessary to change the doping ad-
mixture and in most cases to cool the sensitive
element to the temperature of liquid nitrogen
or helium. In this regard, the use of radiation
technologies will make it possible to create ra-
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diation defects in the volume of silicon and ger-
manium that are photosensitive in the medium
and long-wave range of IR radiation at room
temperature. In works [20, 21], n-Si single crys-
tals were obtained, that were subjected to ion
implantation with boron ions at flows from 1013
em~2 to 11015 cm™2, followed by annealing for
20 minutes at temperatures of 800—1000 °C.
As a result of the treatment, silicon was ob-
tained that is photosensitive in the near-IR
region from 1.4 to 2.2 pym. The authors of [22]
studied the effect of electron irradiation with
an energy of 10 MeV, a flow of Q=5-1015 el./cm?
with additional isothermal annealing of irra-
diated samples for 6 hours at the t=120 °C on
the transformation of the IR absorption spectra
of n-Ge single crystals at room temperature.
It was established that an increase in photosen-
sitivity of the investigated n-Ge single crystals,
associated with the absorption band of 15 pm of
the created radiation defects, will be observed
during 4 hours of annealing.

Further annealing resulted in a decrease
in the intensity of this absorption band. The
authors of the work [23] studied the absorption
spectra of n-Si single crystals irradiated by the
electrons with an energy of 12 MeV and a flow
of Q=1-1017 el./cm? in the temperature range
of 10-300 K. Three bands at 11.3 ym, 11.6 pum,
and 12 pm, which correspond to the created
radiation defects, in the absorption spectra
of irradiated silicon samples were identified.
An increase in temperature led to a decrease in
the intensity of these absorption bands. Only
the absorption bands at 11.6 pym and 12 pm
at room temperature were observed. In works
[22, 23], absorption bands associated with cre-
ated radiation defects, which belong to the
long-wave range of infrared radiation, were
observed for single crystals of germanium and
silicon irradiated with electrons. IR detectors
based on HgCdTe, PbSnTe solid solutions and
microbolometers used in night vision devices,
infrared sights, etc., work in this range [24].
Therefore, electron-irradiated germanium and
silicon single crystals are promising materi-
als for developing such IR devices based on
them. For irradiated germanium and silicon
single crystals, it is necessary to obtain the de-
pendences of the absorption coefficients of IR
radiation on the magnitude of electron irradia-
tion flow for a more comprehensive study of the
photosensitivity of such single crystals and to
establish optimal conditions for their radiation
treatment.
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Therefore, the purpose of this work was to
study the absorption spectra of n-Ge and n-Si
single crystals irradiated by different flows of
electrons at room temperature and to evaluate
their photosensitivity associated with the cre-
ated radiation defects.

2. Experimental results and theoreti-
cal calculations

The samples of germanium single crystals
doped by the antimony impuritywith the con-
centration of N;=5-101% cm~3, were irradiated
by the electrons with an energy of 10 MeV and
flows from 5-101% el./em? to 5:1016 el./cm?. Sili-
con single crystals doped with phosphorus im-
purity at a concentration of N4=2.2 1016 cm3,
were irradiated by the electrons with an en-
ergy of 12 MeV and flows from 5-1016 el./cm? to
3:1017 el./cm?. The concentrations of interstitial
oxygen in unirradiated germanium and silicon
single crystals were 8-10'® ¢cm™ and 9:1017
cm™3, respectively, and the concentration of
carbon in silicon was 61016 cm3. These sam-
ples were irradiated at room temperature at a
laboratory-research facility — M—30 microtrons
in the Department of Photonuclear Processes of
the Institute of Electronic Physics of the Nation-
al Academy of Sciences of Ukraine. To achieve
the required irradiation flow, the exposure time
was determined taking into account the irradia-
tion flow density j=4 101! el./(cm?2 s). Absorption
spectra of irradiated n-Ge and n-Si samples
were measured at room temperature on an
IR-Fourier spectrophotometer IRAffinity—1S
in the spectral range of 1.3—28 pm. Absorption
spectra for irradiated n-Ge and n-Si single crys-
tals are presented in Fig. 1 and Fig. 2.

As is known [25], the photosensitivity of the
material is related to the absorption coefficient.
The photosensitivity coefficient of the material
is defined as

Ao
S 5 (1)

where Ac=0-0, is the photoconductivity,
ois the specific electrical conductivity of the
semiconductor under illumination, o, is the
dark value of the specific electrical conductiv-
ity, J is the intensity of the light incident on
the sample.

Ac=B-a-b, ©@)

where Bis a constant that depends weakly on

the light frsquency, a 1s the absorption coeffi-

cient, & = — 1is the incident flow of photons.
Then M
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Fig. 1. Absorption spectra at room temperature
for n-Ge single crystals irradiated by different
electron flows.
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The relative increasing the photosensitivity
of the semiconductor in the case of light absorp-
tion by impurities or defects can be calculated
as

S «Q
6 — max — max s 4
- (4)

where o, , o are the values of the absorption
coefficients at the maximum and at the base of
the absorption peak, which correspond to a cer-
tain doping impurity or defect.

Based on expression (4) and the obtained
experimental results (Fig. 1 and Fig. 2), it is
possible to calculate the relative increase in
the photosensitivity of n-Ge and n-Si single
crystals, caused by radiation defects created
under the influence of electron irradiation. The
results of such calculations are presented in
Tables 1 and 2. As follows from Tables 1 and
2, the photosensitivity of irradiated n-Ge and
n-Si single crystals for wavelengths of 11.6, 12,
and 15 pm increases with increasing electron
irradiation flow.

3. Results and Discussion

As follows from Fig. 1, a new absorption
band at 669 cm~! (15 pm) appears in the spec-
tra of n-Ge samples irradiated by electrons.
According to the data of works [26, 27], this
band corresponds to the negatively charged
state of the A-center (interstitial atom of oxy-
gen-vacancy). In works [28, 29], we slightly re-
fined the microstructure of this complex for the
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Table 1. Relative values of photosensitivity for n-Ge single crystals irradiated by different flows of elec-

trons with energy of 10 MeV.

Single crystal

Electron radiation flow Q, el./cm?

Relative increase in photosensitiv-
ity 6 for a band 15 um

51015 2.6
1-1016 3.6
n-Ge 2-1016 5.7
51016 6.8

Table 2. Relative values of photosensitivity for n-Si single crystals irradiated by different flows of elec-

trons with energy of 12 MeV.

Relative increasing
photosensitivity &
Single crystal Electron radiation flow Q, el./cm?
Band Band
12 pm 11.6 pm
51016 1.4 1.4
1-1017 2.4 2.3
n-Si 2:1017 2.8 2.4
31017 3.3 2.5
same germanium single crystals irradiated by o, cm A, um
electrons, based on measurements of the Hall 0.95- 125 12 15 12
effect and solutions of electroneutrality equa- '
tions. According to the data of these works, the 0.851 12 pm
created radiation defect is the A-center which 0754 11.6 um
is additionally modified by two interstitial ger- a0
manium atoms (VOl,g, complex). As can be 0.651 em
seen from Fig. 1, the intensity of the absorp- 0554
tion band at 669 cm™! for the VO,l,ge complex -
and the area under the curve of the peak in- 0.451 e’
crease with increasing irradiation flow. This 0.35-
is explained by the increasing concentration of —
radiation defects belonging to VO,l,5, complex- 0.25 1 Y, N S
s [28]. The absorption bands at 650 cm™! and 0.151 i
755 cm™! correspond to the absorption of IR ra- ' T T T ™ "nirradiated sample
diation by optical phonons in germanium [30]. 0.05 T T T " >
790 820 850 880 910 k,cm-1

In the absorption spectra of electron-irradi-
ated n-Si single crystals, two additional bands
appear at 836 cm™! (12 pm) and 865 cm™!
(11.6 ym) (Fig. 2). The absorption band at
836 cm™! corresponds to the neutral state of
the A-centre [31], and the band at 865 cm™!
corresponds to the C,0; complex (interstitial
carbon-oxygen) [32]. According to the Watkins
exchange mechanism, carbon is pushed by its
own interstitials from site to site, creating a sta-
ble defect C, under the influence of irradiation
[33, 34]. Annealing of this defect occurs near
room temperature by diffusion. When diffusing
in the lattice, interstitial carbon effectively in-
teracts with various impurities, creating many
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Fig. 2. Absorption spectra at room temperature
for n-Si single crystals, irradiated by different
electron flows.

different electrically active interstitial defects.
In silicon grown by the Czochralski method,
the most probable interaction is between in-
terstitial carbon and interstitial oxygen, which
leads to the creation of the C,0; complex. Also,
as we have previously established in works
[34, 35], under the electron irradiation, in the
bulk of these n-Si single crystals, somewhat
more complex radiation defects belonging to
VO,P complexes (complex of the vacancy, in-
terstitial oxygen atom and atom of the al-
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loying phosphorus impurity) are created in
parallel with the well-studied A-centers in sili-
con [36]. As in germanium, a similar increase in
the intensity of these bands and the area under
curves of the peaks with the increasing electron
irradiation flow is associated with an increase
in the concentration of created radiation defects
[34]. Moreover, A-centers and VO,P complexes
will be created more intensively in the bulk of
the silicon sample with increasing irradiation
flow. This is explained by the fact that the prob-
ability of quasi-chemical reactions with the cre-
ation of the A-centers and VO,P complexes is
greater than that of the C,0; complexes since
the concentration of interstitial oxygen in the
investigated silicon single crystals is more than
an order of magnitude greater than the concen-
tration of interstitial carbon.

According to the data in Tables 1 and 2, the
changein the relative value of the photosensitiv-
ity A8/AQ for n-Ge a C;nd n-Si with an increase
in the electron irradiation flow for absorption
bands associated with the oxygen-containing
complexes is greater for n-Ge single crystals.
The value of AS/A® for the absorption band at
865 cm™! in n-Si at the flows >1-10'7 el./cm? is
many times smaller than for A-centers and VO,P
complexes. As noted above, this is explained by
the relatively low concentration of interstitial
carbon C;, which after irradiation participates
in the formation of C;0; complexes.

4. Conclusions

It was established that the main radiation
defects responsible for the optical and photo-
electric properties of electron-irradiated n-Ge
and n-Si single crystals are VO,l,5, complexes
in germanium, A-centers, and VO,P and C/O;
complexes in silicon. Increasing the electron
irradiation flow did not lead to the creation of
new defects in n-Ge and n-Si, but only affected
the intensity of the absorption bands associated
with these radiation defects. Based on the anal-
ysis of the absorption spectra and the numerical
estimates of the relative increase in the photo-
sensitivity coefficients due to created radiation
defects, it was established that the formation
of A-centers and VO,P complexes in the bulk of
n-Si is more effective with an increase in the
electron irradiation flow. Along with the intrin-
sic absorption bands of 1.1 and 1.8 pm in silicon
and germanium, respectively, additional bands
were identified in the long-wavelength region
of the IR spectrum for electron-irradiated n-Ge
and n-Si single crystals (12 pm absorption band
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for A-centres and VO,P complexes in silicon, 15
nm for the VO,I,Ge complex in germanium and
11.6 pm for the C,0; complex in silicon); this fact
will be of practical importance for the develop-
ment of receivers for simultaneous monitiring
of short- and long-wave IR radiation based on
such irradiated germanium and silicon single
crystals.

The obtained semiconductor “uncooled” ma-
terials of germanium and silicon, which were
additionally exposed to radiation treatment,
can become an alternative to the much more
expensive materials of HgCdTe, PbSnTe and
other narrow-gap semiconductors, which are
used for the manufacture of infrared missile
homing heads, thermal imagers, carbon diox-
ide sensors and require, as a rule, nitrogen or
cryogenic cooling.
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