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Spectral detectivity and NETD of doping-spike PtSi/p-Si
and GeSi/Si HIP detectors
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Platinum silicide Schottky barrier detectors (SBD) and GeSi/Si-based heterojunction internal photoemission (HIP) detectors
are widely used for application in the infrared spectral range. The increase in cutoff wavelength and responsivity of PtSi/Si
photodevices is possible by formation of heavily-doped thin layer near to the semiconductor surface. The cutoff wavelength
of Ge,Si;_,/Si-based HIPdetectors depends on x and concentration of boron in GeSi.

In this report, the threshold properties of these detectors are considered. The dependencies of spectral detectivities and
NETD on cutoff wavelength are calculated for various parameters of SBD and HIP detectors. It is shown that optimal NETD
of a SBD and HIP detectors is possible for certain cutoff wavelength and temperature of detectors and depends on storage
capacity. Also opportunity of formation of heavily-doped nanolayer in SBD detectors used by short-pulse recoil implantation

of boron was studied.
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1. Introduction

An important problem facing the developers of infrared
Schottky barrier detectors (SBD) is to increase the quantum
efficiency and extend the spectral range of the photo-
detector sensitivity to the long wavelength region. This can
be achieved by reducing the potential metal-semiconductor
barrier [1-5]. The potential barrier height can be varied by
producing a thin highly-doped layer on the semiconductor
surface. For example, it was proposed in Refs. 6-9 that the
effective potential barrier can be reduced by producing on
the semiconductor surface a thin layer which conduction
type is the same as that of the semiconductor substrate.
Formation of heavily-doped surface layers allows the cut-
off wavelength of photodetectors to be increased and the
quantum efficiency for a given wavelength to be improved.

The use of molecular-beam epitaxy (MBE) makes it pos-
sible to produce surface layers with a stepped distribution of
a dopant about 1 nm thick [8,9]. The disadvantages of this
method are high production cost of samples and complex
technological cycle. Conventional ion implantation based on
CW ion sources gives no way to attain the parameters re-
quired for the heavily-doped region. The recent development
in the MBE technology made it possible to fabricate high
quality Ge,Si;_, (GeSi) thin films onto silicon substrates and
heterojunction internal photoemissive detectors in base of
Ge,Si;_, were successfully developed [10,11]. The cutoff
wavelength of HIP detectors depends on x and boron con-
centration in GeSi and varied from 3 to 23 pm.
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In this work, we present experimental results about for-
mation heavily-doped surface layer in silicon substrates us-
ing short-pulse boron ion implantation by the recoil
method. Also calculation results for spectral detectivity and
NETD of doping-spike PtSi/Si SBD detectors and HIP de-
tectors in base of GeSi/Si heterojunction are presented.

2. Formation of heavily-doped surface layers

The barrier height for photocarriers in a metal-semiconductor
structure can be reduced by producing a heavily-doped sur-
face layer in the semiconductor. For certain parameters of the
layer, an increase in the electric field in the subsurface region
of the semiconductor will cause a reduction (due to the
Schottky effect) of the barrier height for carriers emitting
from the metal to silicon. For a substantial reduction of the
metal barrier, the same type of impurity must occur in the sur-
face nanosized layer and in the substrate, and the impurity
concentration in the surface layer must be more than a hun-
dred times as high as that found in the substrate.
Conventional boron ion implantation using CW ion
sources fails to provide the parameters required for a nar-
row doped region. To produce a surface layer with the re-
quired parameters, the energy of accelerated boron ions
must be <1 keV, and the dose must be 1014-101 ion cm™2.
Low-energy implantation like this is accompanied by dif-
ferent unwanted effects (sputtering of the base material,
heating of the target surface exposed to an ion beam, and
thermodiffusion broadening of the concentration profile).
MBE is capable to produce high-purity surface layers
with specified concentration of the dopant. The use of
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MBE for this purpose makes possible a stepped profile of
the dopant distribution in silicon. It was established that
the cutoff wavelength of a Si/PtSi photodetector was in-
creased by depositing a 1-5 nm thick film with an accep-
tor dopant of 5x102° cm™3 on the surface of p-type silicon
using MBE [8,9]. As pointed out above, among the draw-
backs of MBE there are complex manufacturing equip-
ment and high production cost of the structures. Recoil
implantation for introduction of the impurity is performed
by bombardment (normally by a rare-gas ion beam) of a
thin implant layer deposited on the semiconductor sur-
face. As the result, part of the film atoms crosses the
film-substrate interface and thus penetrates the surface
semiconductor layers. The bombardment causes backward
sputtering, i.e., a considerable amount of the deposited
film is removed.

The distribution of implanted boron in depth was esti-
mated by using a direct analogue model approximation.
The implantation profiles were calculated by the TRIM ©
Code using analogue modelling of spatial distributions of
atoms involved in radiative mass transport. TRIM © pro-
vides realisation of a numerical method for solving the
problems of passage of particles through a matter by means
of statistical simulations (Monte-Carlo method). The code
constructs a large number of particle trajectories in the
form of polygonal lines with rectilinear segments charac-
terizing free paths of the particles before collisions. The
particle paths, the direction of motion, and the energy of a
scattered particle and a recoil nucleus are random quanti-
ties described by their associated probability distribution.
The slope of the concentration profile N is seen to increase
with increase in the ion energy as the total yield of im-
planted atoms is decreased by several fold. The calcula-
tions under review show that for hydrocarbon ions, the
yield is halved as the energy is increased from 30 to 200
keV, while for aluminium ions, there is a fourfold decrease
in the yield for a boron film thickness of 20 nm. As the film
thickness is increased, the relative number of collisions re-
sponsible for the low-energy boron atoms crossing the in-
terface is decreased, and conversely, the fraction of boron
atoms capable of penetrating deeply into the substrate is in-
creased in proportion to the film thickness. An analysis of
the obtained results shows that the yield of recoil atoms of
1B is largely dependent on the energy contributed by pri-
mary ions to the region adjacent to the '"B—?7Si interface.
The boron film thickness must be chosen to be between 10
and 50 nm. At a fixed energy, the yield of the !B recoil at-
oms is a function of the dose of bombarded ions. All these
findings have been accounted for in the design of the ex-
periments.

A new trend in ion implantation is short-pulse implanta-
tion by high-power ion beams. Unlike continuous ion-beam
implantation, the use of high-power ion beams with a cur-
rent pulse duration of 10”7 s and average dose rate of
10'2-10"3 ¢m2 per pulse provides defect annealing in the
structure of the material of the target concurrent with im-
plantation. The instantaneous dose rate is 10'9-10%20 s~'cm—2
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in an ion-flux bombardment time. The penetrating dose can
be varied by varying the number of pulses and the ion cur-
rent. Jon beams such as these can be generated only with an
ion energy of tens of kiloelectronvolts. This renders
short-pulse implantation impractical as a way of direct in-
troduction of impurities to produce a highly-doped zone as
deep as 100 A in the subsurface region of semiconductors.
However, the recoil implantation mechanism from a film
deposited on the surface of the target makes possible the
use of high-power ion beams for producing narrow doped
layers in the subsurface region of semiconductors. Impor-
tantly, the advantages of high-current ion accelerators such
as the possibility of generating ion beams of any species
and of large cross sections, high dose rate, and the possibil-
ity of defect annealing concurrent with implantation are re-
tained in this case as well.

Silicon wafers with 10-nm thick boron overlayers were
irradiated by aluminium ions in a high-current pulse accel-
erator. The latter generated ion beams with the current den-
sity 4-10 Acm=2 and energy 30-50 keV. The boron film
was deposited on the surface of silicon plates/wafers of
KDB - 12 type by DC cathode sputtering. The as-irradiated
boron film was etched in aqua-regia. The irradiated sam-
ples were subjected to thermal hydrogen annealing at
500-800°C. Boron profiles were determined by secondary
ion mass spectroscopy (SIMS). The analysis was per-
formed using a commercial device of the MS-7201M type.
Its mode of operation was optimised for structures of this
kind. Either pure oxygen or an oxygen-argon mixture was
used as a working gas for generation of primary ion beams.
The electrical parameters of silicon samples were deter-
mined by a nondestructive contact-free radiowave tech-
nique which provides high sensitivity and space resolution
for materials with a specific resistance of 10310+ Q cm.
The boron atoms were implanted into KDB-12 silicon lay-
ers/wafers by the recoil method for different irradiation
doses. The number of pulses was varied between 5 and 500
(ion fluence was 2x10'2 ions cm~2 per pulse). It should be
noted that the qualitative pattern of the boron atom distri-
bution in depth was the same for all irradiation doses used
(1013-10%5 ions cm™2). A drastic decrease was observed
within 100-150 s of etching followed by a gently sloping
“tail” decreasing through the entire depth studied. We be-
lieve that the slow decrease in the concentration of im-
planted boron atoms 5—-10 nm deep (200—400 s of etching)
is primarily due to the “crater” effect, i.e., to the influence
of the wall composition [high boron concentration within
the first 1-3 nm of the etch pit (“crater”’)] on the total inten-
sity of the secondary boron-ion component at great depths
of penetration.

We have examined the form of concentration profiles in
relation to the number of pulses and found no linear rela-
tion between the boron concentration in the first narrow
surface layer (1-nm thick) and the irradiation dose. The ab-
solute boron concentration in this layer was seen to saturate
with increase in the number of pulses. Moreover, all inves-
tigations showed the concentration distribution profiles for
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boron atoms to broaden with increase in the irradiation
dose. This can primarily be attributed to heating of the sur-
face layer exposed to high-power pulsed beams. The broad-
ening effect is also observed in irradiated samples sub-
jected to defect annealing. For instance, thermal annealing
at 500°C for 10 min causes substantial broadening of the
concentration distribution profile of boron atoms in sam-
ples exposed to 5 pulses (103 ions cm2).

We have measured the electrophysical parameters of
Type KDB-12 crystals subjected to implantation followed
by annealing. The measurements were performed by a non-
destructive contact-free radiowave technique that provides
high sensitivity and spatial resolution for materials with the
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3. Spectral detectivity of SBD and HIP detectors

In this part we consider the dependencies of threshold char-
acteristics (spectral detectivity and NETD) of PtSi/Si SBD
detectors and GeSi HIP detectors versus cutoff wavelength
and discuss the condition of realisation of BLIP-regime in
SBD detectors operated in middle wavelength infrared
(MWIR) spectral range (3—5 pym) and HIP detectors oper-
ated in long wavelength infrared (LWIR) spectral range at
background temperature of 300 K.

The spectral detectivity of HIP-detectors in case of lim-
itation of shot noise of dark current and background current
can be written as
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specific resistance p = 103-10~* Q cm. Annealing at differ- ‘
ent temperatures is shown to increase the integral conduc-
tivity of both irradiated and nonirradiated samples to the
same extent. Notably, the uniformity of distribution of p
over the samples is improved. The results of data process-
ing bear witness to the formation of a conducting 10-15
nm thick layer near the surface with p ~ 4x102 Q cm. For a
rectangular acceptor-concentration distribution over 10 nm
layer thick, the hole concentration is estimated to be in the
neighbourhood of 10!8 cm=3. Thus, it has been found exper-
imentally that doping the surface silicon layer by recoil bo-
ron implantation followed by thermal annealing allows
5-15 nm thick layers to be produced on the surface of the
sample. In the process, an exponential dopant distribution
is observed for a surface concentration of 10'8-1020 ¢cm=.
In this case, the parameters of the doped layers can be con-
trolled by varying the ion radiation dose and temperature
and postimplantation annealing time. The implanted bo-
ron-atom distribution profile essentially depends on the to-
tal dose of incident ions and on the thickness of the boron
film.

Energy-band diagrams for PtSi Schottky barriers with a
heavily-doped layer have been calculated for stepped and ex-
ponential dopant distributions in the surface layer. The form
of the potential Schottky barrier distribution profile is shown
to be essentially dependent on the highly-doped surface layer
parameters. Formation of highly-doped surface layers by mo-
lecular-beam implantation or recoil implantation techniques
provides a means for changing energy-band diagrams for
Si/PtSi Schottky barriers and reducing the potential barrier by
~0.15 eV. This corresponds to an ~8 pm increase in the cut-
off wavelength Schottky photodetectors [12—14].
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where ¢ is the electron charge, T is the detector’s tempera-
ture, T}, is the background temperature, A™* is the effective
Richardson constant, 4. is the cutoff wavelength of detec-
tor, A is the working wavelength, 6 is the half of aperture
angle, C; is the factor of emission in eV-!, C, = 1.43x10*
um/K, C; = 37372 A pm*cm=2eV. For SBD detectors nor-
mally C; = 0.2 eV~!, for HIP detectors C; varies from 0.1
to 1.4 eV-!. Typical value of A™ is 3.7-10 A/cm2K2.
Formation of surface heavily-doped layer lead to in-
crease in cutoff wavelength, quantum efficiency in spectral
range 3-5 um and, hence, to the change of threshold char-
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Fig. 1. Dependency of the factor K versus barrier height on PtSi/p-Si

interface at A =3 pm (curves 1, 4), 4 pm (curves 2, 5), 5 pm (curves

3,6-8); 20=180°, T =273 K (curves 1-7) and 300 K (curve 8); in

case of BLIP (curves 1-3) and in case of account of dark current at

the detector temperature of 80 K (curves 4-8); curves 4—6 at A" =
0.2 A/(cmK)? and curves 7, 8 at A™ = 10 A/(cmK)?2.
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acteristics. The change of threshold properties in spactral
range 3-5 pm can be characterised by the coefficient K,
which is equal to the relation of the spectral detectivity
SBD with the cutoff wavelength A-; to the spectral
detectivity SBD with the cutoff wavelength A

wavelength (Figs. 3 and 4). The cutoff wavelength of HIP
detectors varied in broad range 3-30 pm by change of Ge
and B content in GeSi. The HIP detectors are attractive for
application in LWIR spectral region 8—12 pm. As followed
‘ from Figs. 3, 4, the spectral detectivity of HIP detectors in
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Figures 1 and 2 show the calculated dependencies of
spectral detectivities of HIP detectors on wavelength at
various cutoff wavelengths and dependencies of the factor
K on barrier heights.

As followed from Figs. 1 and 2, the optimal spectral
detectivities of SBD detectors at various working wave-
lengths are observed at various cutoff wavelengths. The
spectral detectivity of heavily doped surface nanolayer,
created by short-pulse recoil implantation of boron, is equal
to 3x10'0 cmHz%W-! at working wavelength 3 pm and
cutoff wavelength 8 pm (10'© cmHz%SW-! at working
wavelength 5 pm and cutoff wavelength 8 um). The spec-
tral detectivity at the formed surface heavily doped
nanolayer decreased in short wavelength part of MWIR
windows due to increased dark current and this detectivity
increased in long wavelength part of MWIR windows due
to increased emission efficiency.

We calculated also spectral dependencies of detectivity
of HIP detectors in base of heterojunction GeSi/Si on cutoff

0 T T
3.0 3.5

4.0 4.5 5.0

A (um)
Fig. 2. Spectral detectivity of PtSi/p-Si detectors with hemisphe-
rical aperture at cutoff wavelength 6, 7, 8, and 10 pm for the case of
BLIP at background temperature of 273 K — curves 1-4,

respectively; at the cutoff wavelength 7, 8, 9 pm with dark current —
curves 5-7, respectively.
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‘ first increased at increase in cutoff wavelength and later de-
creased due to increase in dark current. The spectral
detecivity of HIP detectors is equal to 8x10° cmHz* W-! at
working wavelength 8 pm and cutoff wavelength 12 pm
(2x10° cmHz%W-! at working wavelength 10 pm and cut-
off wavelength 12 pm). The spectral detectivity of HIP-de-
tectors at increased cutoff wavelength decreases in short
wavelength part of LWIR windows due to increased dark
current and increase in long wavelength part of LWIR win-
dows due to increased emission efficiency. Thus, increase in
cutoff wavelength of SBD and HIP detectors at detection in
MWIR and LWIR spectral range at background temperature
near 300 K leads to non-monotone change of spectral
detectivity of these detectors due to change of emission effi-
ciency and dark current.
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Fig. 3. Dependencies of spectral detectivities at working

wavelength of 8 pm on cutoff wavelength HIP detectors at 260 =

180° and T}, = 300 K without dark current (C; = 1.4eV, A" =3.7

AJemZK2, T = 70 K, curve 1), with dark current (C ;=14 eVl

A™=3.7 A/lem?K2, T = 60 K, curve 2), (C; = 1.4 eVl A™=37

A/em2K2, T =70K, curve 3), (C; =02 eV, A™ = 8.4 AJem?K2,
T =70 K, curve 4).
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Fig. 4. Spectral dependencies of detectivity of HIP detectors Fig. 5. Dependencies of NETD from cutoff wavelength of SBD
assuming to background photocurrent and dark current at 20=180°  jatectors (C; = 0.2 eV-!, A™= 84 A/cm?K?) at detector

for various cutoff wavelengths (12, 14, 16, 20 um — curves 14, (emperature 70 K, F/2 aperture, background temperature 300 K,
respectively), and Wghout dark current at A, = 14 pm (curve 5)  ,ccumulation time 10 ms and element size 30 pm at assuming only
(Cr=14eV!, A" =37 Alem’K?, T}, = 300 K, T = 70 K). dark current (curve 1), assuming only background photocurrent
(curve 2), and assuming background and dark current (curve 3).

4. NETD of SBD and HIP detectors

We assume for calculations, the accumulation time equal to
The main threshold parameter of FPA is NEDT. The 10 ms and detector size 30 pm. In MWIR region, the accu-
NETD of SBD and HIP detectors for limitation threshold  my]ation time is potentially larger than in LWIR region and
characteristics of detector noise in spectral range (A; — A.)  threshold characteristics of SBD can be improved. Figure 7
[A; = 8 pm] can be written as shows the dependencies of NETD HIP detectors in base of
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where A, is the detector area and is T the accumulation time. GeSi/Si on cutoff wavelength at the detector temperature
Figure 5 shows the dependencies of NETD SBD detec- 60 K, F/2 aperture and the background temperature 300 K
tors with surface heavily doped layer on cutoff wavelength  fqo C,;=0.2eV-"and A* = 4.4 AJem?K2. As followed from
at detector temperature 70 K, F/2 aperture and background  pijg 7, the NETD of HIP detectors at cutoff wavelength of
temperature 300 K for C; = 0.2 eV'! and A™ = 84 o5 pm is 11 mK.
A/em’K?. As followed from Fig. 5, the NETD at increased Figure 8 shows the dependencies of NETD stacked HIP
cutoff wavelength of SBD in first decreased and later in-  detectors on cutoff wavelength at detector temperature 70
creased due to influence of change of dark current and g Fp2 aperture and background temperature 300 K for C,
quantum efficiency. In Fig. 6, the dependencies of NETD  _ | 4 ev-1 and A™ = 3.7 A/em2K2. As followed from
on cutoff wavelength at A™ = 0.2 A/em?K? are shown. Fig. 8, the NETD of this stacked detector at 70 K is limited
From this figure, it followed, that creation of surface py dark current at any cutoff wavelength. In this case the
heavily-doped layer allows the NETD to be decreased from  yinimal NETD was 7 mK at cutoff wavelength 11 pm. The
6.5 mK at cutoff wavelength 5.5 pm to 3.5 mK at cutoff  3jculations show that the surface heavily-doped layer in
wavelength 8 um. For smaller value of the Richardson con-  pySj/Si created by short-pulse recoil implantation of boron
stant, the NETD at cutoff wavelength 10 pm equals 2 mK.  ¢ap jmprove NETD to 3.5 mK at cutoff wavelength 8 pm.

dA
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8 10 12 14
A¢ (Um)

Fig. 6. Dependencies of NETD on cutoff wavelength of SBD
detectors (C; = 0.2 eV, A™=0.2 A/cm?K?) at detector
temperature 70 K, F/2 aperture, background temperature 300 K,
accumulation time 10 ms and element size 30 ym assuming only
dark current (curve 1), assuming only background photocurrent
(curve 2), and assuming background and dark current (curve 3).

5. Conclusions

We established experimentally that creation of surface
heavily-doped layer in silicon of PtSi/Si SBD using
short-pulse recoil implantation of boron allows to receive
the surface layer with exponential distribution of impurity
at surface concentration of boron 10'8-10% cm—.
Energy-band diagrams for PtSi Schottky barriers with a
heavily-doped layer have been calculated for stepped and
exponential dopant distributions in the surface layer. Forma-
tion of highly-doped surface layers by molecular-beam im-
plantation or recoil implantation techniques provides a
means for changing energy-band diagrams for Si/PtSi
Schottky barriers and reducing the potential barrier by ~0.15
eV. So, the creation of surface layer using recoil implanta-
tion allows increasing cutoff wavelength of SBD to 8§ pm.

0.3
0.25
0.2

0.15

NETD (K)

0.1
0.05

10 11 12 13 14
Ae (Um)

Fig. 7. Dependencies of NETD on cutoff wavelength of HIP
detectors (C; = 0.2 eVl A™=4.4 A/cm2K?) at detector
temperature 60 K, F/2 aperture, background temperature 300 K,
accumulation time 10 ms and element size 30 pm at assuming only
dark current (curve 1), assuming only background photocurrent
(curve 2), and assuming background and dark current (curve 3).
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Fig. 8. Dependencies of NETD on cutoff wavelength of HIP
detectors (C; = 1.4 eVl A™ = 3.7 A/em?K?) at detector
temperature 70 K, F/2 aperture, background temperature 300 K,
accumulation time 10 ms and element size 30 ym assuming only
dark current (curve 1), assuming only background photocurrent
(curve 2), and assuming background and dark current (curve 3).

The dependencies of spectral detectivities and NETD
SBD and HIP detectors on cutoff wavelength have been
calculated for various conditions of infrared detection. The
expression for NETD and spectral detectivity of HIP and
SBD detectors are similar due to similar mechanism of de-
tection. It is shown that threshold characteristics of these
detectors are limited by shot noise due to dark and back-
ground current. The spectral detectivity and NETD of HIP
and SBD detectors are non-monotone varied with increase
in cutoff wavelength due to the change in dark current and
spectral quantum efficiency. The creation of surface layer
used by recoil implantation can improve NETD of SBD de-
tectors to 3.5 mK at cutoff wavelength 8§ pm from 6.5 mK
at typical 5.5 pm cutoff wavelength.
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