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Abstract

Introduction. In recent decades, in the field of photoelectronics, special attention has been paid to the develop-
ment of semiconductor matrix photodetectors. These detectors have become an effective alternative to existing
television receiving systems. Among such devices, linear position-sensitive sensors are used in cases where the
rapid registration of changes to the environment is required (for instance, high-speed locators for flying vehicles).
Aim. To develop a strip of silicon pin-diodes as part of a hybrid IR-detector for effective registration of photoelectrons
with time resolution less than 10 ns, as well as to model the key electro-physical characteristics of the strip.
Materials and methods. In the device under development, the registration of photoelectrons is achieved by
the presence of a near-surface field using p**-p junction formed by diffusion of boron into the silicon with resis-
tivity of 3 kQ - cm. The pulling field is also formed in the space charge region between p**- and n**-regions. Dif-
fusion of phosphorus was carried out to create the n**-region. Numerical calculations of potential distribution,
concentration of free charge carriers and currents were carried out using software for 1D- and 2D-modelling
(SimWin and TCAD Synopsys).

Results. 2D-calculation of charge carrier concentration and potential distribution was performed. The study de-
termined the minimum bias for the complete depletion of the i-layer, including that for longitudinal grooves of
various depths. The strip was tested as part of a hybrid photoelectric device by irradiating light pulses from IR LED.
When the voltage on the diodes was reached -270V, the duration of the signal front on all channels was 5...9 ns.
Conclusion. For use in IR-hybrid detectors, a strip of 12 silicon pin-diodes was developed with a sensitive ele-
ment of 24 x 0.2 mm in dimension. The study of pulse characteristics showed that the necessary duration of
the front signal on all channels was achieved without thinning thus satisfying the requirements for high-speed
position-sensitive sensor of the infrared radiation.
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AHHOTaUmA

BBepeHue. B nocnegHve gecatnneTtna B GOTOSNEKTPOHMKE 0cOboe BHUMaHWeE yAenseTcs paspaboTtke nony-
NMPOBOAHMKOBBLIX MAaTPUYHBLIX GOTOMPUEMHbIX YCTPOICTB, KOTOpble $pakTnyeckn ctanu 3GPeKTMBHOM anbTep-
HaTUBOW CyLLeCTBYIOLLMM aHaJI0r0BbIM TeNeBU3MOHHBLIM NPUeMHbIM cncteMaM. Cpegn Takmx YCTPOWCTB Nu-
HeliHble MO3ULMOHHO-YYBCTBUTENbHbIE AATUUKN MPUMEHSIOTCH A9 perncrpaumm 6biCTpbIX W3MEHEeHWA B
OKpY>XatoLLel 06CTaHOBKe 1 1X NocaeayroLlein 06paboTkm (Hanpumep, 6bICTPOAENCTBYOLLME IOKATOPbI AeTa-
Te/IbHbIX arnnapaTtos).

Lenb pa6oTtbl. Co3jaHne NMHENKN KPeMHUEBBIX pin-AnNo0B AN NCNOAb30BaHUS B COCTaBe rMMOGPUAHOTO Ae-
TekTopa WNK-n3nyyeHusa ¢ Lenbto pernctpaumv GoTo31eKTPOHOB C BPeMeHHLIM paspelleHnem aydie 10 Hc.
MogenpoBaHne OCHOBHBIX 31eKTPOPUINYECKNX XapaKTEPUCTUK IHENKN.

MaTtepuanbl 1 metoabl. B paspabaTtbiBaeMoM npurbope perncrpaums GoTo31eKTPOHOB obecrneynsaeTca 3a cyeT
HaNMuMs NPUNOBEPXHOCTHOrO MOAS MPU UCMOb30BaHUW p**-p-nepexosa, cpopmmpoBaHHoro anddysmeli 6opa B
KPEeMHWI C yaenbHbIM conpoTusneHnem 3 KOM - cm. TaHyLLee nose, B CBOK oyepejb, Takke dopmMumpyeTcs B 0ba-
€TV 06BbEMHOrO 3apsga Mexay ptt- n n**-obnactamu. [lna cosgaHus n**-obnactn nposogunace andodysua pocdopa.
YncneHHble pacyeTbl pacnpeseneHns noTeHLmana, KoOHLeHTpaLmy cBoboHbIX HoCKUTeNeln 3apsja U TOKOB Mpo-
BOAWNNCH B MPOrpamMMHbIX NakeTax ogHoMepHoro (SimWin) n asymepHoro (TCAD Synopsys) MOAeNnpoBaHus.
PesynbTaTbl. [lpoBeseH ABYMepPHbIA pacHeT pacnpeaeneHunst KOHLEHTPaLmm CBO6OAHbBIX HOCKUTener 3apsaa v no-
TeHUWana B uccnegyemor pin-ctpyktype. OnpegeneHbl MUHVMAaAbHbIE HanpskeHWs, obecneuvBsatoLlme noaHoe
obesHeHWe j-CNosi, B TOM Ynce 418 Clydas NPOAONbHOM KaHaBKWN Pa3iNYHOM rybuHbl. JInHelika TecTpoBanack B
cocTtaBe rmbpuaHoro GoTo31eKTPOHHOro Npubopa obyyeHneM CBeTOBbIMU MMMynbcamu oT NK-ceeTogmoaa. Mpu
Hanps>KeHWW Ha Anogax nHenkn -270 B 4ocTturHyTa AnmMtenbHOCTb GPOHTa C1UrHana Ha Bcex KaHanax 5...9 Hc.
3aioueHue. na rmbpugHoro getektopa NK-nsnyveHns paspaboTtaHa nnHerika 13 12 KpemMHneBbIX pin-AN0L40B, C
pa3MepamMu YyBCTBUTEIbHOM 061acTy aieMeHTa 24 x 0.2 MMm. [0 pesynbTaTam UCCef0BaHNA MMMYNbCHOW XapakTe-
PUCTUKM NOKa3aHo, YTo 6e3 onepauyn YTOHeHUs JOCTUTHYTa AIMTeNBHOCTb GPOHTA CUrHana Ha Bcex KaHanax, yAo-
B/1IETBOPSAIOLLIAA TPE6OBaHVIAM K BbICTPOAENCTBYIOLLEMY MO3NLIMOHHO-HYBCTBUTENBHOMY AaTUmKy NK-13ayyeHns.

KntoueBble cnoBa: rmbpuiHblii $OTO3NEKTPOHHBIN NPMB0P, KPEMHMEBAs 3NEKTPOHHO-HYBCTBITEIbHAst INHElKa
pin-pnogos, NK-doTonpremHumk
Ans umTnpoBaHma: KpeMHMeBas 31eKTPOHHO-YYBCTBUTENbHAA pin-nnHelka, obayyaemasi C 06paTHOM CTOPOHBI

/ M. P. AiHbyHg, . E. MupoHoB, A. B. Mawwuyk, B. W. 3ybkos, A. B. ConomoHoB, B. B. 3a6poackuii, A. B. Hukonaes //
M3B. By30B Poccun. PagnoanektpoHuka. 2019. T. 22, Ne 5. C. 80-92. doi: 10.32603/1993-8985-2019-22-5-80-92
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Introduction. In recent decades, special atten-
tion has been paid to the development of semicon-
ductor matrix photodetectors in the field of photoe-
lectronics. With the application of microelectronic
inquiry and processing systems, these detectors have
become an effective alternative to existing analogue
television receiving systems [1-5].

Among such devices, emphasis may be placed on
linear photodetectors, which are based on a strip of
position-sensitive radiation sensors. These sensors
are used for rapid (several or tens of nanoseconds)
registration of changes in conditions with the corre-
sponding response reaction (for instance, locators of
controlled and uncontrolled aircraft).

Matrix semiconductor devices are developed fol-
lowing the steady trend for miniaturisation. However,
a decrease in the dimensions of recording pixels is
accompanied by an increase in the density of metallic
conductors and polysilicon layers, which results in a
decrease in the share of the exposed surface of the
photodetector. Therefore, the architecture of the pho-
todetector with bombardment from the substrate side
free of any metal layout and structural coatings
(backside (BS) structures) has recently become a
topicof interest [3, 6, 7].

In such downward-facing structures, hole-
electron pairs are generated as a result of absorption
of photons (internal photoeffect) bombarding the
reverse surface, while electrons move according to
the existing potential difference in the direction of
the sensitive cells (p-n junctions) on the opposite
side. The drawbacks of this design is the rather low
energy of the bombarding photons (approximately
equal to the width of the band gap of the material),
with the result that one photon generates one hole-
electron pair. A more advanced device architecture
includes a separate photocathode and anode (similar
to a photomultiplier) [7, 8]. In this case, a separately
operating photocathode serves as a detector of inci-
dent photons in the required wavelength range, while
the BS crystal with a matrix of recording pixels is
bombarded by photoelectrons emitted from the pho-
tocathode (external photoeffect). Applying an accel-
erating field between the cathode and anode makes it
possible to reach the energy of photoelectrons of
several keV. These photoelectrons, while bombarding
the surface of the semiconductor p-n-anode, provide
generation of hundreds of hole-electron pairs within
the bulk of semiconductor, which results in a high
multiplication factor of the device [8, 9].

Structure of the fabricated strip of silicon pin-
photodetectors. The works were aimed to develop a
strip of Si pin-diodes for the hybrid IR detector,
which should provide effective registration of photo-

electrons with energy 1...5 keV and have time reso-
lution better than 10 ns. Silicon of p-type conductivi-
ty was used as the base, since electrons (minority
charge carriers in p-Si) are more mobile than holes.
The electrical resistivity of the crystal was
3000 Ohm.cm [10].

Currently produced silicon detectors provide reg-
istration of electrons within the energy range from
200...600 eV (energy threshold of registration) to
tens of keV and higher. During the interaction of
high-energy electrons with solid-state detectors, mul-
tiple elastic and non-elastic scatterings of electrons
occur in the crystal lattice [11, 12], resulting in
change in their motion paths and generating the pos-
sibility of releasing a portion of the electrons from
the solid-state body to vacuum following several
scatterings within the subsurface area. This specific
feature of electron scattering requires the thickness
of the surface layers of the solid-state detector, where
no effective collection of non-majority charge carri-
ers occurs, to be minimised. These layers include
dielectric passivation layers, layers providing mini-
misation of surface resistance and subsurface areas
of p-n or isotype junctions. The thickness of such
layers typically does not exceed 10 nm [13, 14].

The structure of layers for the developed device
is presented in Fig. 1, a. The effective registration of
electrons having energy of about 2 keV is provided at
the expense of the subsurface field via the use of the
p*+—p-isotype junction, which has been realised by
boron diffusion with the surface concentration of

approximately 10%° cm™2. Boron diffusion was per-
formed using the Chemical Vapour Deposition
(CVD) method at temperature of 900 °C. The pulling
field, in turn, is also formed in the space charge re-
gion between the p**- and n**-regions. Phosphorous
diffusion at the temperature of 950 °C was carried
out to create the n**-region.

The boron impurity profile (Fig. 1, b) was meas-
ured usingthe secondary-ion mass spectrometry
(SIMS) method (the region of concentrations, which
are beyond the measurability of this method, is
shown by the dotted line). As follows from this fig-
ure, boron concentration decreases exponentially in
the direction from the surface to the depth layers of
the sample. The boron diffusion depth may be esti-
mated as being approximately equal to 50 nm. As
was shown by SIMS measurements, the n*—p-
junction realised by phosphorous diffusion was lo-
cated at a depth of about 1600 nm.

The manufactured samples were characterised by
the following parameters:

— total number of elements in the strip — 12;

— total number of elements in the strip — 2 x 0.2 mm;

82 KpeMHueBast 31eKTPOHHO-YYBCTBUTEIbHAs PiN-TNHeliKa, 001y4aeMasi ¢ 06paTHOil CTOPOHBI

Back-Side Electron-Bombarded Silicon pin-Strip



W3Bectus By30oB Poccun. Pagnodirekrponnka. 2019. T. 22, Ne 5. C. 80-92
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 80-92

p-Si (p = 3 kOhm-cm) 350 um

T poly-n**-Si (P) 1600 nm 1

A AN
a

1014 1016 1018 1020 n, p, cm=

100
200 ~

300 P

4001 \M

1500 |

[)

fsaswwe
>

(

)

X, nm
b

Fig. 1. Silicon pin-structure: a — layer sequence; b — impurity concentration distribution

—sizes of the sensitive region — 24 x 0.2 mm.

The structure of the active area of electron-
sensitive silicon diodes and its cross-section are pre-
sented in Fig. 2 (three elements are shown). Bom-
bardment with electrons is realised from the p**-layer
side. The registered particles are absorbed in the re-
gion of the p*—p-junction and the high-resistivity
base of p-type, moving to the p—n*-junction in drift-
mode provided by the reverse bias. A reduction of the
initial thickness of the middle part of the silicon strip
(350 um) to 50 pm may be applied in order to de-
crease the time for collecting electrons from the base.
The width of the groove was equal to 200 um. The
reduction in thickness also results in an improvement
of the frequency-contrast characteristics of the pho-
todetector. However, a semiconductor with a thick-
ness of less than 250 um cannot be used due to the
fragility of the silicon plate.

At the first stage, the SiO, layer was deposited
on the strip side opposite to the one being bombard-
ed; next, the n**-polysilicon layer was deposited into

++ >
p

the photolithographic processed window [10]. The
width of the poly-Si layer was also equal to 200 pm.
Subsequently, an aluminium contact was created on
the polysilicon. The distance between the elements
was determined by the distance between the adjacent
windows — that is, 60 um. The upper p**-layer was
solid. Aluminium was also deposited on this layer,
with the subsequent opening of the window opposite
to n*-polysilicon. The bottom of the groove should
be free from aluminium. A negative bias of
200...300 V was applied to the upper electrode in order
to create the pulling field in the i-region of the diodes.

Further, the electrophysical properties of the sili-
con strip of photodetectors, bombarded by electrons
from back-side, are analysed.

Calculation of the characteristics of the silicon
pin-photodetectors strip. Let us estimate the bias,
which should be applied between the p*- and n*-
regions of the structure for complete depletion of the
i-layer. As a first approximation, the equation de-

Al %i E ~ 2000 eV
\4

- U =-(200...300) V
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scribing the width of the space-charge region (SCR)
for the abrupt p—n-junction will be used [15]:

w = |20 (Ui ~U) o)
—

where £=11.9 — relative dielectric permittivity of
silicon; gp— electric permittivity of vacuum; Uy; —
built-in potential; U — applied voltage bias; e — elec-
tron charge; N — concentration of charge carriers.

The space charge region is formed by the immo-
bile impurity ions and develops following the root
law with increased applied bias. The electrical resis-
tivity was converted into carrier concentration using
reference data [15]. For silicon at the temperature of
300 K, it was assumed that all impurity is ionised.

The results of calculation of SCR width in sili-
con, which is used as a pin-photodetector, have
shown that low-doped silicon, having the electrical
resistivity of p=3kOhm-cm, will be completely

depleted at a voltage of 300V, while for
p=2kOhm-cm at the same voltage, it will be de-

pleted to the depth of 245 nm. Due to their lower
carrier concentration, substrates of n-type having the
same electrical resistivity will be characterised by a
substantially greater SCR width [15]. In the case of
complete depletion, the calculated capacitance of the
structure having the specified parameters will not
exceed 2 pF. Such a capacitance should provide the
required data for the time resolution in the applied
bias scheme.

The presented estimation is characterised by a
large error since SCR in a semiconductor does not
have sharp boundaries and its edge does not have an
exact position due to Coulomb screening with mobile
electrons. The width of this smearing is characterised
by the Debye screening length [15, 16]:

eggkT Y2
lbp=| —; :
ep

where k is Boltzmann constant, eV/K; T is absolute
temperature, K.
In  low-doped concentration

silicon  (with

p <10t cm_3) at room temperature, Lp will be

equal to several microns, i.e. depletion in the actual
device will appear much earlier.

Using the one-dimensional simulation software
SimWin [17], the authors fulfilled the calculation of
free charge carriers and potential in the studied pin-

structure at different applied voltages. The semicon-
ductor parameters necessary for calculation (the
thickness of layers and the impurity concentration)
correspond to those shown in Fig. 1. The n**-p-
transition is considered as quite sharp, while the im-
purity concentration profile in the p*™-layer is ap-
proximated by an exponent. The calculation was per-
formed for the groove section, where the thickness of
the whole structure is equal to 150 um.

In the case of absence of bias, the SCR occupies
less than 15 um in the structure. The application of
reverse bias results in SCR expansion and appearing
of an electric field and small reverse current in it. At
U =-100V, the SCR expanded almost within the
whole structure. Its boundary appears to be localised
within the range of 139...149 um (Fig. 3). The elec-
tric field occupies the whole structure, creating the
pulling field for the charge carriers; the electric field

strength varies in the range from 1.7-10° to

1.3-10* cm. As follows from (1), the SCR width

increases sublinearly with the growth of U; thus, for
the depletion of the structure of 350 pm in thickness,
the bias of about 300 V should be applied.

The current-voltage characteristic of the pin-
diode, calculated in the one-dimensional approach,
was characterised by the monotonic increase in the
density of the reverse current up to the value of

90 mA/ cm? at voltage of —100 V.

The 3D calculation of the structure aimed at
more complete characterisation of the pin-diode strip
was performed using the TCAD Synopsys simulation
software package. The Structure Editor subprogram
was used for creation of a 3D model of the strip
(Fig. 4). However, the detailed 3D model calcula-
tions necessitated very large memory, which were
not supported by the software package. This was
caused by a large size of the structure, on the one
hand, and by the availability of extremely thin high-
doped layers, which required the application of a
very detailed grid, on the other hand. Therefore, all
calculations were performed under the quasi-two-
dimensional approach. After applying a section both
across the structure and along it (one of these sec-
tions is presented in Fig. 4, C1), two new 2D models
were created. The position of sections was varied.

Cross-section of the structure. Potential distribu-
tions in the cross-section of the structure for different
groove depths d and applied voltage U are presented
in Fig. 5. From the performed analysis, it follows that
the potential at the bottom of the shallow groove is nearly
equal to that applied to the metallic electrode at the sur-
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Fig. 3. Results of modeling the work of the transition
at bias U =-100 V: a - the concentration of free charge
carriers; b — electric field strength; ¢ — current in the pin-diode
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Fig. 4. 3D-model of the pin-strip created in TCAD Synopsys

face of the p+-layer (Fig. 5, @, d =100 um). However,
if the groove is sufficiently deep, then even a p*-

layer having a concentration exceeding 1020 cm=

will not provide equipotentiality; in this case, the
bottom of the groove will be exposed to only half of
the bias applied to the structure (Fig. 5, b,
d =200 pum). In this case, the groove itself insignif-

icantly modifies the potential pattern of the structure,
which is primarily created by the metallic contacts,
resulting in the groove appearing to be "submerged"
into the existing electric field.

The two-dimensional distribution of the space
charge region of the pin-structure is characterised by
the cylindrical shape over the metallic contact track-
ing isopotential curves in Fig. 5. In the vertical sec-
tion, the potential is distributed between the metallic
contact and the groove following the quadratic law,
while the strength of the electric field follows the
linear law.

The specific current density between the metallic
contact and the groove is approximately equal to
4mA/ cm?.

Longitudinal section of the structure. Calcula-
tions of the electric field and the charge distribution
in the longitudinal section were performed. Here, the
subject of analysis was the distribution of the electric
field in semiconductor between the metallic contacts
and its dependence on the distance between the con-
tacts. The effect of this distance on the joining of SCR
of the adjacent diodes was additionally investigated.

The geometrical parameters and doping corre-
sponded to those shown in Fig. 5, b: the groove depth
d =200 um, the distance between the metallic con-

tacts is 60 um. The bias was equal to 130 V (the zero
potential was located on the metallic contact). The
potential distribution below the groove, which is pre-
sented in Fig. 6, a, is generally uniform for the most
part of the structure depth. Non-uniformity becomes
essential only for the last 20 um. As follows from the
plot, in the middle between the contacts the potential
is equal to —-30 V.

The distribution of the electric field along the
vertical line of the structure is presented in Fig. 6, b.
As could be expected, maximum deviation from the
uniform distribution of the electric field was detected
at the edges of the contacts, where it amounts to

25-10% V/cm for the specified value of the applied

voltage. In this case, the field in the opened from
contact surface is 5 times lower.

The distribution of the total specific current den-
sity in the structure at the reverse bias of 130 V is
presented in Fig. 7. In the region that is closed by the
contacts, the current density is uniform, being equal
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Fig. 7. Distribution of the total current density in the structure
under a groove wide 60 pm at U =130 V, d =200 um

to ~20 mA/ cm?. In the central part, the current is

one order less and is shifted to the edges of the me-
tallic contacts. Current-voltage characteristics for
several metallic contacts with the sizes of
0.3 x 0.2 um have been calculated.

The potential distribution was then compared
along the structure at varying distance between the

metallic contacts from 40 to 80 um. Within the speci-
fied limits, the potential in the central part between
the contacts varied from —20 to —40 V, while a de-
crease in the electric field strength was minor — from

5.10% to 4.10° V/cm. An increase in the width of

the intercontact gap up to 80 um results in the sub-
stantial redistribution of the current density from its
center to the metallic contacts. In the region between
the contacts, the current density is less along the
whole thickness of the structure, which should be
considered as non-optimal.

It is worth bearing in mind that the bottom of the
deep groove is exposed to only part (half in the case
of d =200 um) of the difference of potential applied

to the structure (between the upper and lower metal-
lic contacts, refer to Fig. 5, b). In taking this circum-
stance into account, the bottom of the groove should
be exposed to the corresponding reduced potential
(Fig. 8, a). The principal result is that the SCR width
does not extend along the whole distance of 150 um.
About 25 pm under the groove remain in the electri-
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Fig. 8. The potential distribution by structure (a) and current density in the groove region (b) with voltage applied to the bottom
of the groove 57 V. The depth of the groove is d =200 pum, the distance between the metal contacts is 60 pm

cal neutrality region (the SCR boundary is shown by
the white line). In this case, the distance between the
lower metallic contacts slightly affects the SCR width
and its certain "deflection™ in the case of the large gap
(80 um) should be considered as insignificant.

The distribution of the current density in the
groove region, keeping in mind the reduced potential
at the groove bottom comparatively to that applied to
the metallic contact (Fig. 8, b), in general is similar
to the previously presented plots (Fig. 7) and differs
only by slightly reduced values. A decrease in the
current density is observed between the lower metal-
lic contacts.

For the developed fast-response displacement
sensor, the response rate of the definite diode is an
important parameter. It is defined by the time of the
drift of an electron through the structure and is di-
rectly proportional to the length of the flight L:
t=L/v, where v=pE - the drift velocity
(E=U/d — the strength of the electric field). Based
on different reference data, the electron mobility in

silicon was adopted equal to 0.14...0.19 mz/(V-s).

Thus, at bias U =300 V, the flight time through the
structure for the thickness of d = 350 pum will be
equal to 2.7 ns, and for the thickness of 150 um —
half as much.

Tests of the hybrid pin strip-based IR device.
After the manufacturing of series diode strips with-
out grooves, the samples were tested within the inte-
grated hybrid photodetector; the front duration was
determined pursuant to GOST 11612.13-85. In these
measurements, the photocathode of the device was
illuminated by light pulses emitted by an LED with
wavelength of 1310 nm, which was located at dis-

tance of 1 cm from the detector input window. The
LED was powered, by voltage pulses 3 V of negative
polarity from the G5-56 generator. The parameters
were as follows: frequency of emitted light pulses —
2 Hz; generator pulse width — 10 ns; pulse rise and

droop — 5 ns each. A high voltage Upc =-2.6 kV

relative to the diode strip was applied to the photo-
cathode via ballast resistance R, =25 GOhm .

In the performed experiments, the effective area
of the photocathode opposite the diode strip was lim-
ited by a 2 x 25 mm diaphragm mounted directly on
the detector window. During the study of any diode,
other diodes within the strip were grounded. The dis-
tance between the elements was equal to 60 pm. The
common electrode of the strip was powered from a

DC power supply with voltage Uy of negative polar-

ity; the DC dark current Iy in the circuit was meas-
ured by a microammeter. The power supply regime
for all diodes was Uy =-270 V, meanwhile the re-

sults of the performed analysis evidenced that the
whole structure was depleted. This bias was some-
what below the calculated one for the studied thick-
ness of the active area of the photodetector. This was
caused by the previously discussed Debye tailing of
the SCR edge, as well as by existence of the diffu-
sion "tails" from the highly doped layers, which ef-
fectively decreased the SCR width.

The response oscillogram for one of the diodes on
the IR LED pulsed signal is presented in Fig. 9. The
response is shown after the elimination of noise; the
frequency band — 150 MHz, the circuit load — 50 Ohm.
As seen, the front of the registered signal is about
5ns. In general, the results of investigations have
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Fig. 9. Oscillogram of the impulse response of one pin-diode
of the strip

shown that the required time of the signal front at
Uy =—270 V has been achieved for all channels of

the device (5...9 ns). This result demonstrates that at
the first stage of engineering design, the thinning of
the central part of the photodetector may be not ap-
plied in order not to complicate the technology of the
device production. Nevertheless, taking the aforemen-
tioned calculationsinto account, we believe that the
development of technological operations aimed at the
precision thinning of the photosensitive region of the
IR detector will allow a substantial (up to 3 times)
decreasein the applied operating bias to be realised
along with a corresponding threefold increase in the
speed of response of the photosensitive strip.
Conclusion. A strip consisting of 12 silicon pin-
diodes characterised by the crystal electric resistivity
of 3 kOhm-cm has been developed for a hybrid IR
photodetector having sensitivity in the spectral range
of 1...1.6 um. Highly doped nanoscale p+- and n+-

layers were created by diffusion of boron and phos-
phorous. The dimensions of the sensitive area of the
strip element were 24 x 0.2 mm. In the space charge
region of the structure, the pulling field was formed
due to the applied reverse bias.

A 2D calculation of charge carrier concentration
and potential distribution in the pin-structure was
carried out. The minimum biases providing complete
depletion of the i-layer were determined, including
for the case of additionally created longitudinal
grooves of various depths. It was demonstrated that
varying the distance between the metallic contacts
in the range from 40 to 80 wm resulted in a change
in potential between these contacts in the range
from —20 to —40 V, while the strength of the electric
field decreased only slightly.

The fabricated strip was tested within the integrat-
ed hybrid photoelectric device using illumination by
10 ns light pulses emitted by IR LED with wavelength
of 1310 nm. Photoelectrons emitted from the photo-
cathode were accelerated in a high voltage of 2.6 kV
relative to the pin-diode strip and detected by definite
diodes within the strip. During tests, the device sus-

tained voltage up to U, =-3.5kV, while the diodes

were able to sustain a pulse current of 150 pA and
even more. The results of investigations of the pulse
characteristic have shown that without a thinning op-
eration and with the bias at the diode of —270 V. the
signal front time for all channels varied in the range
5...9 ns, thereby satisfying the requirements for a fast-
response, position-sensitive IR emission sensor.

Authors' Contribution

Mikhail R. Ainbund, introduction to the problem; formulation of the problem; discussion of the results.

Denis E. Mironov, calculations in the SimWin program; results of measuring the frequency properties of the
photosensitive strip.

Andrey V. Pashuk, a review of existing publications in the subject area; infrared photosensitivity measurement results.

Vasily 1. Zubkov, calculations in the TCAD program; simulation of the distribution of the concentration of
charge carriers.

Alexander V. Solomonov, physical model of the electron sensitive line strip; analysis of the results.
Vladimir V. Zabrodskii, measurement of impurity concentration profiles in the pin-strip; characteristics of oxide layers.

Andrey V. Nikolaev, the formation of heavily doped p**- and n**-layers by diffusion; optimization and descrip-
tion of technological regimes.

88 KpeMHueBast 31eKTPOHHO-YYBCTBUTEIbHAs PiN-TNHeliKa, 001y4aeMasi ¢ 06paTHOil CTOPOHBI
Back-Side Electron-Bombarded Silicon pin-Strip



W3Bectus By30oB Poccun. Pagnodirekrponnka. 2019. T. 22, Ne 5. C. 80-92
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 80-92

ABTOPCKMIA BKNAZ

Aiin0ynn M. P. — BBezieHue B IpobeMy; TIOCTaHOBKA 3a/1a4d; 00CYK/IEHHE Pe3yIbTaTOB.

Muponos /1. E. — niposenenue pacuetoB B nmporpamme SimWin; pe3yabTaTsl H3MEPEHHUSI YaCTOTHBIX CBOMCTB

(hOTOUYBCTBUTEIILHON JIMHEHKH.

Mamyk A. B. — 0030p cymecTByromux MyOJUKaLUid B MPEJMETHOH 00JacTH; pe3ysbTaThl U3MEPEHUs QOTO-

gyBcTBUTENbHOCTH B K-00macTw.

3yoxoB B. H. — nmposenenne pacueroB B mporpamme T CAD; MozenmpoBaHue pacrpeneieHus] KOHIEHTPaun

HOCHUTENCH 3apsdnaa.

CosnomonosB A. B. — (1)1/[3I/I‘IGCKa$I MOACIb BHCKTpOHHO-‘IyBCTBI/ITeHbHOﬁ JIMHEWKH, aHaJIu3 PE3yJIbTATOB.

3a6poackuii B. B. — usMepenust npoduiieit KOHIEHTpAUK prUMecei B PiN-JIHHEHKe; XapaKTePUCTHKH OKCHI-

HBIX CJIOCB.

Huxonae A. B. — popMupoBanue CHIBHONETHPOBAaHHBIX PF- U N**-cioeB MeromoM aubdys3uu; oTnaaka u

OIMMCAaHUEC TEXHOJOTUYCCKUX PEIKUMOB.

References

1. Kimata M., Yagi H., Ueno M., Nakanishi J., Ishikawa T.,
Nakaki Y., Kawai M., Endo K., Kosasayama Y., Ohota V.,
Sugino T., Sone T. Silicon Infrared Focal Plane Arrays.
Photodetectors: Materials and Devices VI, ed. by
G. ). Brown, M. Razeghi. Proc. of SPIE. 2001, vol. 4288,
pp. 286-297. doi: 10.1117/12.429416

2. Ponomarenko V. P. Kvantovaya fotosensorika
[Quantum Photosensory]. Moscow, JSC "NPO Orion",
2018, 648 p. (In Russ.)

3. Rogalski A. Progress in Focal Plane Array Technologies
(Review). Progress in Quantum Electronics. 2012, vol. 36,
iss. 2-3, pp. 342-473. doi: 10.1016/j.pquantelec.2012.07.001

4. Burke B., Jorden P., Vu P. CCD technology. Exper-
imental Astronomy. 2005, vol. 19, iss. 1-3, pp. 69-102.
doi: 10.1007/510686-005-9011-4

5. Ainbund M. R., Garbuz A. V., Dement'ev A. A,, Lev-
ina E. E.,, Mironov D. E., Pashuk A. V., Smirnov K. Ya.,
Chernova O. V. Hybrid High Sensitive Digital TV Devices
for UV and IR Spectral Ranges. Advances in Applied Phys-
ics. 2018, vol. 6, no. 6, pp. 514-517. (In Russ.)

6. Balyasnyi L. M., Balashov A. B., Gordienko Yu. N.,
Gruzevich Yu. K., Mironov D. E., Petrov A. E., Tataursh-
chikov S. S. High-Sensitivity Hybrid Device Based on Pho-
tocathodes with Negative Electronic Affinity and CCD
(CMOS) Matrixes with Electron Bombardment its Back
Side. Applied Physics. 2018, no. 4, pp. 74-78. (In Russ.)

7. Ainbund M. R., Mironov D. E., Zubkov V. I. Hybrid
Photoelectronic Devices (a review). Advances in Applied
Physics. 2018, vol. 6, no. 5, pp. 401-407. (In Russ.)

8. Beguchev V. P., Chapkevich A. L., Filachev A. M. Image
Intensifiers Today. State and Basic Development Tendencies.
Applied Physics. 1999, no. 2, pp. 132-140. (In Russ.)

9. Voitsekhovskii A. V., Izhnin I. I, Savchin V. P,
Vakiv N. M.  Fizicheskie osnovy poluprovodnikovoi foto-

elektroniki [Physical Fundamentals of Semiconductor Pho-
toelectronics]. Tomsk, /zd. dom TGU, 2013, 560 p. (In Russ.)

10. Ainbund M. R, Glebov D. L., Zabrodskii V. V., Lev-
ina E. E., Mironov D. E., Nikolaev A. V., Pashuk A. V.,
Smirnov K. Ya., Frolov V. M. Hybrid Multi-Channel Photo-
detector for 1-1.6 pm Spectral Range Applied Physics.
2018, no. 6, pp. 54-59. (In Russ.)

11. Hanoka J. I, Bell R. O. Electron-Beam-Induced Cur-
rents in Semiconductors. Ann. Rev. Mater. Sci., 1981, vol. 11,
pp. 353-380. doi: 10.1146/annurev.ms.11.080181.002033

12. Bespalov V. |. Vzaimodeistvie ioniziruyushchikh
izluchenii s veshchestvom [The Interaction of lonizing Radia-
tion with Matter]. Tomsk, /zd-vo TPU, 2007, 368 p. (In Russ.)

13. Funsten H. O., Ritzau S. M., Harper R. W., Korde R.
Fundamental Limits to Detection of Low-Energy lons
Using Silicon Solid-State Detectors. App. Phys. Lett. 2004,
vol. 84, no. 18, pp. 3552-3554. doi: 10.1063/1.1719272.

14. Gostev A. V. Ditsman S. A, Zabrodskii V. V., Za-
brodskaya N. V., Luk'yanov F. A, Rau E. I, Sennov R. A,, Su-
khanov V. L. Characterization of Semiconductor Detectors
of Monokinetic and Reflected Electrons with an Energy of
1-30 keV. Bulletin of the Russian Academy of Sciences:
Physics. 2008, vol. 72, no. 11, pp. 1539-1544. (In Russ.)

15. Sze S. M., Kwok K. Ng. Physics of Semiconductor
Devices. New Jersey, John Wiley & Sons, 2006, 832 p.
doi:10.1002/0470068329

16. Zubkov V. |. Diagnostika poluprovodnikovykh
nanogeterostruktur metodami spektroskopii admittansa
[Diagnostics of Semiconductor Nanoheterostructures by
Admittance Spectroscopy]. Moscow, Elmor, 2007, 220 p.
(In Russ.)

17. Winston D. Physical Simulation of Optoelectronic
Semiconductor Devices. Boulder, University of Colorado,
1996. 186 p.

KpemuueBast 3JIeKTPOHHO-YYBCTBUTEIbLHAN PiN-INMHEKa, 00/1y4aemMasi ¢ 00paTHOi CTOPOHBI 89

Back-Side Electron-Bombarded Silicon pin-Strip



N3Bectns By3os Poccun. Pagnosiexrponnka. 2019. T. 22, Ne 5. C. 80-92
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 80-92

Information about the Authors

Mikhail R. Ainbund, Cand. Sci. (Eng.) (1974), Head of Department JSC «NRI «Electrony. The author of more
than 100 scientific publications. Area of expertise: photoelectronics, solid state physics, hybrid photoelectric devic-

es, solid state matrix photoelectric devices.

Address: JSC "NRI "Electron™, 68 Toreza Ave., St Petersburg 194223, Russia

E-mail: m.ainbund@mail.ru

Denis Ye. Mironov, Engineer on Radio engineering (1999, St Petersburg State University of Telecommunica-
tions), Leading Researcher of JSC «NRI «Electron». The author of 11 scientific publications. Area of expertise:
photoelectronics, radio engineering, hybrid photoelectric devices, solid state matrix photoelectric devices.

Address: JSC NRI Electron, 68 Toreza Ave., St Petersburg 194223, Russia

E-mail: 918@mail.ru

Andrey V. Pashuk, Head of Laboratory JSC «NRI «Electron». The author of 28 scientific publications. Area of
expertise: photoelectronics, hybrid photoelectric devices, IR-technique, solid state matrix photoelectric devices.
Address: JSC "NRI "Electron”, 68 Toreza Ave., St Petershurg 194223, Russia

E-mail: perspectiva-good@mail.ru

Vasily 1. Zubkov, Dr. Sci. (Phys.) (2008), Professor (2018) of Department of Micro- and Nanoelectronics
Saint Petersburg Electrotechnical University. The author of more than 170 scientific publications. Area of expertise:
solid state physics and physics of semiconductors, nanoelectronics, simulation and diagnostics of quantum-sized structures.
Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., St Petersburg 197376, Russia

E-mail: vzubkovspb@mail.ru
https://orcid.org/0000-0001-6830-6899

Alexander V. Solomonov, Dr. Sci. (Phys.) (2000), Professor (2002), Dean of Faculty of Electronics, Professor
of Department of Micro- and Nanoelectronics Saint Petersburg Electrotechnical University. The author of more than
140 scientific publications. Area of expertise: microelectronics and optics of semiconductors, nanoelectronics, quan-

tum-sized heterostructures.

Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., St Petersburg 197376, Russia

E-mail: alexander.v.solomonov@gmail.com
https://orcid.org/0000-0001-6721-4159

Vladimir V. Zabrodskii, Engineer on Microelectronics (2001), Saint Petersburg Electrotechnical University,
Research Fellow of loffe Institute. The author of 32 scientific publications. Area of expertise: photoelectronics, sili-

con photodiodes, technology of semiconductor diodes.

Address: loffe Institute, 26 Politekhnicheskaya Str., St Petersburg 194021, Russia

E-mail: slidet@mail.ioffe.ru
https://orcid.org/0000-0001-8065-6517

Andrey V. Nikolaev, Cand. Sci. (Chem.) (2013), Research Fellow of loffe Institute. The author of 9 scientific publi-
cations. Area of expertise: photoelectronics, silicon photodiodes, technology of semiconductor diodes.
Address: loffe Institute, 26 Politekhnicheskaya Str., St Petersburg 194021, Russia

E-mail: a.v.nikolaev@mail.ioffe.ru

Cnucok nutepaTypbl

1. Silicon infrared focal plane arrays / M. Kimata,
H. Yagi, M. Ueno, J. Nakanishi, T. Ishikawa, Y. Nakaki, M. Ka-
wai, K. Endo, Y. Kosasayama, Y. Ohota, T. Sugino, T. Sone /
ed. by G. J. Brown, M. Razeghi // Photodetectors: Materi-
als and Devices VI. Proc. of SPIE. 2001. Vol. 4288. P. 286-
297.doi: 10.1117/12.429416

2. NMoHomapeHko B. M. KBaHToBas ¢oToceHcopuKa.
M.: AO "HIMO OpumoH", 2018. 648 c.

3. Rogalski A. Progress in focal plane array technologies
(Review) // Progress in Quantum Electronics. 2012. Vol. 36,
iss. 2-3. P. 342-473. doi: 10.1016/j.pquantelec.2012.07.001

4. Burke B., Jorden P., Vu P. CCD technology // Exper-
imental Astronomy.2005. Vol. 19, iss. 1-3. P. 69-102. doi:
10.1007/s10686-005-9011-4

5. TnbpuaHble BbICOKOUYBCTBUTENbHbIE LNPPOBLIE
TeneBU3NOHHbIe Npnbopbl Ana YO n VK cnekTpanbHbIX

AnanasoHos/ M. P. AiiHByHg, A. B. Fapbys, A. A. lemeH-
TbeB, E. E. [leBuHa, [. E. MunpoHos, A. B. Mawuyk, K. 4. CMup-
Ho, O. B. YepHoBa // Ycnexu MNpuKAagHom ¢usmnku.
2018.T.6, Ne 6. C. 514-517.

6. BbICOKOUYBCTBUTENBHBIV TMOPUAHBIA doTonpu-
eMHbI MOZYy/b Ha OCHOBe POTOKATOAOB C OTpuLaTe b-
HbIM 31€KTPOHHbBIM CPOACTBOM 1 MaTpuL, M3C (KMOIM) ¢
3N1eKTPOHHOW 60M6apAVNPOBKOM TbIIBHOW CTOPOHbI /
N. M. BansacHbin, A. Bb. banawos, 0. H. FopaueHko,
tO. K. F'py3esuny, [. E. MupoHos, A. 3. MNeTtpos, C. C. Ta-
TaypLumkoB // MpuknagHas ¢usnka. 2018. Ne 4. C. 74-78.

7. AiH6yHA M. P., MupoHos /. E., 3ybkos B. U. Tn-
6puaHble $OTO3NeKTPOHHbIE Npubopkl (0630p) // Ycne-
Xv npuknagHon ¢ursmkm. 2018. T. 6, Ne 5. C. 401-407.

8. beryues B. M., Yankesuy A. J1., ®unaves A. M.
dneKTPOHHO-oNTUYeckne npeobpasosaTtenn. CocTosHMe

90 KpeMHHeBast 3JIeKTPOHHO-YYBCTBUTEJIbHAsN PiN-JIMHeiiKa, 06.1y4aeMasi ¢ 06paTHON CTOPOHBI

Back-Side Electron-Bombarded Silicon pin-Strip


mailto:m.ainbund@mail.ru
https://orcid.org/0000-0001-6721-4159

W3Bectus By30oB Poccun. Pagnodirekrponnka. 2019. T. 22, Ne 5. C. 80-92
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 80-92

N TeHgeHuMn passutua // MpuknagHaa ¢msmka. 1999.
Ne 2. C. 132-140.

9. dun3nyeckme 0CHOBbI MONYNPOBOAHNKOBOM $OTO-
anekTpoHukn / A. B. Boriuexosckuin, W. WN. VIXHUH,
B. M. CaBunH, H. M. BakumB. Tomck: V3gatenbckuin gom TrY,
2013.560 c.

10. TMBpMAHBIA MHOrOKaHanbHbIN GOTONPUEMHUK
NS cnekTpanbHOro gmnanasoHa 1-1.6 mkm / M. P. AliH-
6yHa, A. /1. Tne6os, B. B. 3abpoackuii, E. E. JleBuHa,
[. E. MupoHos, A. B. Hikonaes, A. B. Matuyk, K. A. CM1pHOB,
B. M. ®ponos. // MpuknagHas ¢um3nka. 2018. Ne 6. C. 54-59.

11. Hanoka J. I, Bell R. O. Electron-beam-induced cur-
rents in semiconductors // Ann. Rev. Mater. Sci. 1981. Vol. 11.
P. 353-380. doi: 10.1146/annurev.ms.11.080181.002033

12. becnanos B. V. BzanmogelicTere NoHM3NPYHOLLX
M3/Ty4eHnin ¢ BeLecTBOM. ToMck: M3a-8o TIY, 2007. 368 c.

13. Fundamental limits to detection of low-energy
ions using silicon solid-state detectors / H. O. Funsten,

S. M. Ritzau, R. W. Harper, R. Korde // App. Phys. Lett. 2004.
Vol. 84, Ne 18. P. 3552-3554. doi: 10.1063/1.1719272

14. Xapakrepu3aumsi noayrnpoBoAHNKOBBLIX AeTEKTOPOB
MOHOKNHETNYECKMX 1 OTPaXXEeHHbIX 3NEKTPOHOB C aHeprmer
1-30 k3B / A. B. FocTtes, C. A. lnumaH, B. B. 3abpogackunia,
H. B. 3abpoackas, ®. A. JlykeaHos, 3. L. Pay, P. A. CeH-
HoB, B. J1. CyxaHos // 3B. PAH. Cep. ®n3snyeckas. 2008.
T.72,Ne 11. C. 1539-1544.

15. Sze S. M., Kwok K. Ng. Physics of Semiconductor
Devices. New Jersey: John Wiley & Sons, 2006. 832 p.
doi:10.1002/0470068329

16. 3y6koB B. /. AnarHocTnka nonynpoBOAHUKOBbIX
HaHOreTepoCTPYKTYpP MeToZaMW CreKTPOCKOMUA aaMUT-
TaHca. CM6., M.: 000 "TexHomeguna" / 3nmop, 2007. 220 c.

17. Winston D. Physical simulation of optoelectronic
semiconductor devices. Boulder: University of Colorado,
1996. 186 p.

NHPopmauma 06 aBTopax

AiinOynn Muxaun PyBHMOBHY — KaHAMOAT TexHUUYecKuX HayK (1974), mavampHuk otmena AO «[IHUU
"Onextpon"». ABTop 6osiee 100 HayunbIX paboT. Chepa HayUHBIX HHTEPECOB — (POTOINCKTPOHUKA, PH3HKA TBEPIO-
ro Tena, ruopuaHbIe GOTONPUEMHBIC YCTPOHCTBA, TBEPAOTEIILHBIC MATPUYHBIC (POTOMIPUEMHBIC YCTPOUCTBRA.

Anpec: AO «ITHUU "Dnexrpon"», mp. Topesa, a. 68, mut. P, Cankr-IletepOypr, 194223, Poccus

E-mail: m.ainbund@mail.ru
MuponoB Jlennc EBrenbeBu4d —

HWHXCHEPp 10 CHEIUAJIBbHOCTH

"Pammorexnuka" (1999), Cankr-

[eTepOyprekuii TOCYJapCTBEHHBI YHUBEPCUTET TelleKOMMYHHKannid uM. ipod. M. A. Boru-bpyesnua, Bemymmit
Hay4HbI coTpyaHuK AO «[JHUU "Dnextpon"y». ABTop 11 Hayunbsix pabot. Cdepa HaydHBIX HHTEpECOB — (POTO-
JJIEKTPOHUKA, PaJHOTEXHHUKA, THOPUAHBIE (DOTONPHEMHBIE YCTPOHCTBA, TBEPAOTEIbHBIE MaTPUUYHBIE (OTOIPHEM-
HbIE yCTpOcTBa.
Anpec: AO «[JHUU "Dnekrpon"», mp. Topesa, a. 68, mur. P, Cankr-IletepOypr, 194223, Poccus
E-mail: 918@mail.ru

Hamyk Anapeii Bnagmmuposuy — okoHYII JIEHHHTPaICKUI rocy1apCcTBEHHBIN yHUBEepcuTeT M. A. A. JKna-
HoBa (1984), nauanpuuk maboparopun AO «THUU "Dnexrpon”». Aprop 28 Hayunsix pabot. Chepa HaydHBIX HH-
TepecoB — (POTOIIEKTPOHUKA, IMOpUIHbIE (OTONPHUEMHBIE YCTpOicTBa, MH(paKpacHas TEXHHUKa, TBEPAOTEIbHBIE
MaTpu4Hble GOTONPUEMHBIE YCTPOICTBA.
Anpec: AO «ITHWU "Dnextpon"», np. Topesa, a. 68, mut. P, Canxt-Ilerepbypr, 194223, Poccus
E-mail: perspectiva-good@mail.ru

3yoxoB Bacuimii UBanoBuu — nokrop (usmko-mMatemarnieckux Hayk (2008), mpodeccop (2018) xadenps
MHUKpPO- M HaHOIEKTpOoHHKH CaHKT-IleTepOyprckoro rocynapcTBEHHOTO 3IIEKTPOTEXHHYECKOTO YHHBEPCUTETa
"JIDTU" um. B. U. YaesaoBa (Jlennna). ABtop 6osee 170 HaywunbIX paboT. Cdepa HaydHBIX HHTEPECOB — (pr3HKa
TBEpAOTO Tejla W (PU3MKA IIOJyIIPOBOAHUKOB, HAHOAJIEKTPOHHWKA, MOJICIMPOBAHME W JMAarHOCTHKA KBAHTOBO-
Pa3MEpHBIX TeTePOCTPYKTYP.
Anpec: Cankr-IletepOyprckuii rocyaapcTBeHHBIN 3JIEKTpOoTeXHUYeckuit yHuBepcutet "JIOTHU"
nM. B. U. Ynesrosa (Jlenuna), yi. [Ipodeccopa [lomona, 1. 5, Canxt-IletepOypr, 197376, Poccus
E-mail: vzubkovspb@mail.ru
https://orcid.org/0000-0001-6830-6899

CosiomoHOB Autexcanap BacuiabeBuu — nokTop ¢usmko-matemarndeckux Hayk (2000), mpodeccop (2002),
JeKaH (aKyIbTeTa JIEKTPOHUKH, podeccop Kadeapsl MUKpo- B HaHO3JIeKTpoHHKH CaHkT-IleTepOyprckoro rocy-
JapCTBEHHOTO 3JeKTpoTexHnueckoro yrusepcurera "JIOTU" um. B. U. Yibsnosa (Jlenuna). Asrop Goinee 140
Hay4HbIX paboT. Cdepa HayUHBIX HHTEPECOB — MUKPOAJIEKTPOHHUKA M ONTHKA MOJYNPOBOJAHHKOB, HAHOIJIEKTPOHHU-
Ka, KBAHTOBO-pa3MepHbIE IT'€TePOCTPYKTYPHI.
Anpec: Cankr-IleTepOyprckuii rocy1apcTBeHHbIH diieKTpoTexHnueckuit yansepcuret "JIOTU"
num. B. W. YnesHoBa (Jlennna), yiu. Ilpodeccopa [Tonosa, n. 5, Canxr-IletepOypr, 197376, Poccus
E-mail: alexander.v.solomonov@gmail.com
https://orcid.org/0000-0001-6721-4159

KpemuueBast 3JIeKTPOHHO-YYBCTBUTEIbLHAN PiN-INMHEKa, 00/1y4aemMasi ¢ 00paTHOi CTOPOHBI 91
Back-Side Electron-Bombarded Silicon pin-Strip



N3Bectns By3os Poccun. Pagnosiexrponnka. 2019. T. 22, Ne 5. C. 80-92
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 80-92

3a6poackuii Bragumup BukTopoBHY — HHXEHEp MO criennaibHOCTH "Mukpoanekrponuka” (2001), CaHkr-
[eTepOyprekuil rocymapCcTBeHHBIN AnekTpoTexuuueckuii yauepcutet "JIDTU" um. B. U. ViesHoBa (JlenuHa),
Hay4uHbli coTpyaHUK OTU um. A. ®. Uodde PAH. Arop 32 Hayunsix pabot. Cdepa HaydIHBIX HHTEPECOB — (HOTO-
AJIEKTPOHUKA, KPEMHHUEBBIE (POTOIMOABI, TEXHOJIOTHS TIOJIyTPOBOIHUKOBEIX TPUOOPOB.
Anpec: ®usnko-rexanueckuit UHCTUTYT UM. A. @. Hodde Poccuiickoii akanemun Hayk, [Tonmtexnudeckas yi., a. 26,
Canxkr-IletepOypr, 194021, Poccus
E-mail: slidet@mail.ioffe.ru
https://orcid.org/0000-0001-8065-6517

HuxonaeB Awuapeii BajepheBuu — kangumaT xumudeckux Hayk (2013), mHayuneni corpymamk OTU mwm.
A. ®. Uopde PAH. Astop 9 Haydnsix paboT. Chepa HayIHBIX HHTEPECOB — (DOTORIEKTPOHNKA, KPEMHHUEBBIE (OTO-
JMOJIbI, TEXHOJIOT S TTOJYIIPOBOIHUKOBBIX IPHOOPOB.
Anpec: ®usnko-rexanueckuit ”HCTUTYT UM. A. @. Modde Poccuiickoit akanemun Hayk, [Tonntexnuyeckas yi., a. 26,
Cankr-IletepOypr, 194021, Poccus
E-mail: a.v.nikolaev@mail.ioffe.ru

92 KpeMHHeBast 3JIeKTPOHHO-YYBCTBUTEJIbHAsN PiN-JIMHeiiKa, 06.1y4aeMasi ¢ 06paTHON CTOPOHBI
Back-Side Electron-Bombarded Silicon pin-Strip



