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Platinum silicide Schottky diodes formed on films of polystalline Si doped by phosphorus are demonstrated to be ef-
ficient and manufacturable CMOS-compatible temperatureas for microbolometer detectors of radiation. Thin-film
platinum silicidépoly-Si diodes have been produced by a CMOS-compatiblesgeoon artificial SN4/SiO,/Si(001)
substrates simulating the bolometer cells. Layer strecnd phase composition of the origingffety-Si films and the

Pt silicidgpoly-Si films synthesized by a low-temperature process baen studied by means of the scanning trans-
mission electron microscopy; they have also been exployeaahdans of the two-wavelength X-ray structural phase
analysis and the X-ray photoelectron spectroscopy. Teatyer coéficient of voltage for the forward current of a
single diode is shown to reach the value of abeRi4/°C in the temperature interval from 25 to 50 °C.

I. INTRODUCTION of a sensing element, and consequently, the possibilitpef o
eration in the permanent current mode or variation of the cur

Over the past two decades, there was a qualitative breaﬁentpulses duration over a wide range, flexibility in theicko
through in the development of thermal imaging devices base8f 0perating modes: constant current or constant voltage, f
on uncooled IR focal plane arrays (FPAs). At present, twagnvard or reverse biasing, etc., and finally easier integnatito
types of bolometer FPAs are commonly used as sensors fStandard CMOS process.
uncooled IR imagers: the ones based on vanadium oxide Some time ago, a novel class of uncooled microbolome-
(VOy) or amorphous silicona(-Si:H) thermistors. Despite  ter IR FPAs was developed in which Si-on-insulator (SOI)
that the VQ, is not compatible with the CMOS process, the diodes had been utilized as temperature sersBresently,
imagers based on this materials are most common on th@format of these FPAs has reached 2 megapixiesijr noise
market. It should be noted that CMOS compatibility is anequivalent temperature fiierence (NETD) has made 60 mK
important advantage of the temperature sensor material: @ the frame rate of 15 Hz and the f-number of 1 that is
CMOS-compatible manufacturing process considerably dea very good sensitivity for large-format uncooled FPAs. A
creases the FPA production cost and simplifies its mass pré&Ol-diode VGA FPA with NETD of 21 mK (fL, 30 Hz) and
duction. Thea-Si:H FPAs are CMOS compatible. Another an uncooled infrared micro-camera with the same parameters
type of CMOS-compatible IR sensors are based on polyhave also been recently demonstrat@dlhese remarkable
SiGe thermistors; they demonstrate high sensitivity amdlpi achievements have given a pulse to search for simple CMOS-
uniformity? Yet they are not used for commercial production compatible technological solutions based on diode bolome-
of FPAs at present. ters which would be suited to mass production of low cost

Nowadays, reduction of the FPAs production cost in condR FPAs with NETD figures appropriate to various civil—
junction with possibility of their mass productionis aniotp ~ medical and industrial—and tactical applicatiénsA possi-
tant technological goal; solution of this task will loweiiges  ble attractive solution consists in utilization of mepally-Si
of IR imagers on the market and widen an area of their appliSchottky junctions for formation of sets of connected tempe
cations. One of promising approaches to solution of this tasature sensors on bolometer membrahtg Schottky-barrier
consists in development of low-cost diode FPAs manufadturebolometers were likely first proposed theoretically forhtig
by a process compatible with the CMOS one; there are mangensitive cooled detectors in Ref. 9.

potential advantages of this type of bolometer sensorsimco  |n our recent article, nickel silicide Schottky diodes feun
parison with the thermistor ones such as less pixel sizeeat thon phosphorus doped polycrystalline Si films were demon-
same sensitivity, the possibility of increasing the sevigit  strated to be a promising alternative to SOI-diodes in mono-
due to connection of several diodes in one pixel, high unifor jithic uncooled microbolometer FPAS. Absolute values of
mity of pixels properties, high stability and low noise,rsfg  their temperature cdicients of voltage and current were
icantly lower power consumption, considerably less heatin found to reach 0.6 9C for the forward bias and be around
2.5%°C for the reverse bias of the diodes despite that the
studied diodes were far from perfectness. A relative ease
of production as well as possibility of cascade connection
DElectronic  mail: vyuryev@kapella.gpi.ru; home  page: of the Schottky diodes increasing the temperature seitgitiv
httpy/www.gpi.ryengstaf.s.php?engl&id=125 of bolometer elements and application of layers of the diode
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structures of bolometer cells as additional absorberssifith  ing ~ 30-nm poly-Si:P layer (Pt polycide), formed after this
cident radiation may be obvious practical advantages ef utistep. Excess platinum was removed by chemical etching in
lization of the Ni-silicidgpoly-Si junctions. warm H,O :HCI:HNGO; [4:3:1] for 4 min. An additional

A solution even more suitable for the industry is con- SiO;, insulator with the thickness of 300 nm was deposited by
sidered in the current article. We propose to apply platPECVD. Windows for ohmic contacts to Pt silicide and poly-
inum silicidgpoly-Si Schottky diodes for temperature sens-Si:P were formed by the contact lithography and plasma etch-
ing in microbolometers. In addition to the mentioned ad-ing of Si0,. At the final steps a metal film of W-Ti (125 nm)
vantages of the nickel siliciggoly-Si diodes, ease of in- and Al (450 nm) was deposited by magnetron sputtering and
tegration of technological process of the Pt silig#y-Si  ohmic contacts to Pt silicide and poly-Si:P were formedgiint
diode formation into the standard CMOS technology of VLSIconnects and contact pads were formed by the contact lithog-
manufacturing;! in analogy with the technology of the mono- raphy and plasma etching of the metal film.
lithic PtSy/Si IR FPAs well developed in the industty?~*°is Finally, chips were cut from the wafers (Fig. 11) and placed
the main merit of this approach. into housings which enabled the study of electrical prapsrt

To test the proposed solution we have produced by &f the samples at any temperatures from cryogenic to over
CMOS-compatible process the Pt-silicidely-Si:P Schottky- 100°C. Golden wires were welded to the contact pads for
diode structures simulating the topology of the prospecelectrical measurements.
tive sensitive cells of bolometers and examined them us- Satellites were produced at the steps of crucial treatments
ing the scanning transmission electron microscopy, the twofor studies of structure and composition of the formed lay-
wavelength X-ray structural phase analysisfifdctometry  ers and examined by means of the transmission electron mi-
and reflectometry) and the X-ray photoelectron spectroscop croscopy; some satellites (Fig. 1 e, f) were investigatethby
We have also studied theV characteristics of the structures two-wavelength X-ray structural phase analysis and thayX-r
and investigated their temperature sensitivity (tempeeato-  photoelectron spectroscopy.
efficients of voltage TCU = U~1dU/dT) for different val-
ues of the stabilized current) atfidirent temperatures. We
have concluded that Pt SI|IC|ﬂ.’H)|y-SI SChOttky diodes may B. Experimental Techniques and Instruments
be considered as a promising solution for utilization as-tem

perature sensors of prospective diode polometers. . Structural perfectness and chemical composition of the lay
Let us proceed now to the presentation of the obtained res g \yere explored by means of the scanning transmission elec
sults. tron microscopy (STEM) using the produced satellites. The
Carl Zeiss Libra-200 FE HR transmission electron micro-
scope was used. The WSxM software was applied for image
processing’

For the complete and reliable determination of the Schot-
A.  Production of the Schottky-Diode Structures tky junction structure the two-wavelength X-rayffdactom-

etry and reflectometry methods were appfedhe method

Chips with the Pt silicidgoly-Si Schottky-diode struc- of the two-wavelength X-ray structural phase analysis com-
tures were formed on commercial Czochralski-grown singleprises measurements of the scattering or reflectance angula
crystalline silicon wafersd = 12Qcm, (100)-orientedp-  diagrams at two wavelengths simultaneously for a singla sca
type) coated by a 527 nm thick layer of Si@rmed by ther- that essentially increases the determination accuracyaof p
mal oxidation and a 174 nm thick layer of pyrolyticsSi; ~ rameters of studied objects. It enables the analysis ofimult
(the dielectric layers simulated a supporting membrane ofayer structures with diused interfaces and permits the quan-
a bolometer cell}®16 The process details are presented intitative analysis of X-ray reflectometry data down to zerazgr
Fig.1. A film of polycrystalline Si with the thicknesses of ing angle!®
125nm was deposited on thesSj, surface by thermal de- The analysis was performed using the CompleXRay-C6 in-
composition of monosilane at the substrate temperature aftrument at CuK (1 = 0.154nm) and Cu K (2 = 0.139nm)
620 °C; then it was doped by implantation of phosphorus iondands!® the scanning steps of theflfaction patterna(26) =
(Ep+=60KkeV) to the dose of . 25x 10**cm 2 and annealing 0.10°. PDF-2 Powder DOiraction Database (Joint Commit-
at 850°C for 30 min. Afterward, a diode lateral dimensionstee on Powder Diraction Standards — International Centre for
were formed by the contact lithography and plasma etchingpiffraction Data) was used for the phase composition analy-
of poly-Si:P. At the next step a silicon dioxide dielectriofj  sis.
400 nm in thickness, was formed by plasma enhanced chem- X-ray reflectance angular diagrams were scanned at the
ical vapour deposition (PECVD). Then a window in Sifor  total external reflection; thé-29 geometry was used. In
the Pt silicidgpoly-Si:P junction was formed by means of the the used instrument, a determination of the structure pa-
contact lithography and plasma etching and a 35-nm thickameters (fitting of the experimental curves) is carried out
layer of platinum was deposited by magnetron sputtering asemi-automatically by using the genetic algoritfinThe
room temperature. Platinum silicide was formed by anngalin reflectogram calculation is performed using the recurrence
at 550 °C for 30 min in the gas mixture okbMind H; the Pt relationg! in which the Névot—Croce meté¥?is introduced
silicide/poly-Si:P junction, a- 60-nm Pt-silicide layer overly- for taking account of the layer roughness contribution (or

IIl. SAMPLES AND METHODS
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FIG. 1. A schematic of the process of the bolometer Pt sdipioly-Si diode formation; the steps are as follows: (a) faioraof the
bolometer membrane layers: (1) a CZ Si:B (100) wabet, 12Qcm; (2) bolometer membrane layers [thermal S{627 nm) and pyrolytic
SizsN4 (174 nm)]; (b) deposition and doping of the polycrystallgiécon layer: (3) poly-Si:P (125 nm, SiHhermal decomposition at 620 °C;
P* implantation atE,+ = 60 keV to the dose of.25x 10 cmr2; dopant activation by annealing at 850 °C for 30 min); foriorabf the diode
lateral dimensions: the contact lithography and plasmiairegoof poly-Si:P; (c) deposition of the Si@nsulator: (4) SiQ (400 nm, PECVD);
(d) formation of a window for the Pt silicideoly-Si:P junction: the contact lithography and plasméaieig of Si0G;; (e) deposition of platinum:
(5) Pt film (35 nm, magnetron sputtering); (f) formation oéthAt silicidgpoly-Si:P junction: (6) Pt silicide< 60 nm; formed by annealing at
550 °C in the mixture of M and H for 30 min; ~ 30 nm thick poly-Si:P layer remains under the Pt silicide ¥jlifg) etching of the excess
platinum: warm HO:HCI:HNG; [4:3:1] for 4 min; (h) deposition of the SiQnsulator: (7) SiQ (300 nm, PECVD); (i) formation of
windows for the ohmic contacts to Pt silicide and poly-StH& contact lithography and plasma etching of Si) deposition of a metal film
(W=Ti—Al) for the ohmic contacts to Pt silicide and poly4Si:(8) W-Ti (125 nm) and Al (450 nm) film, magnetron sputteri¢ig formation
of contact pads and interconnects: the contact lithograpityplasma etching of the metal film. (I) A SEM image of the diothe shape
corresponds to a bolometer cell; the left contact is to Riidé, the right one is to polysilicon.

widths of interfaces). If the interface layers are offasion  The samples were washed in the ammonia-peroxide solution
nature their widths may reach several nanometers; it is harNH,OH: H,O,:H,O [1 : 1 : 4], boiling for 5 min), rinsed

to speak about roughness in this case and we use a term “thg the deionized water and the warm isopropanol, and dried
Névot-Croce parameter”. in the clean air before the analysis.

The satellites obtained at two crucially important steps of |-V characteristics of the Schottky diodes were measured

the diode production (Fig. 1 e, f) were explored by means ofn darkness at dierent temperatures varied in Fhe range from
the X-ray structural analysis. 25 to 50°C. The values of the temperaturefticgent of volt-

The surface layers of the satellites of the structures bed9€ TCU) were derived from linear fits of the temperature

fore and after the silicide formation (Fig.1e,f) were Stud_dependences of logarithms of voltage measured férent

ied by means of the X-ray photoelectron spectroscopy (XPS)\{alues of the stabilized current through the diodé€U =

The measurements were carried out using a cylindrical mirdin Y(11/dT (TCU = d[In R(T)]/dT = T CRfor the current

ror electron energy analysér(Riber EA 150) installed in the I_independ%nct: OT thﬁ temperature as ugually];R is.the re-
ultrahigh-vacuum analytical chamber of the Riber SSC2 surSistance andCRis the temperature céecient o resistance).

face science center; the residual gas pressure in the 'analy-trhe temperature was stabilized in the thermostat with an ac-

cal chamber did not exceed ¥0Pa during the experiments. cUracy of about 0.1°C.

Non-monochromatic Al X-rays v = 14867eV) were

used for photoexcitation of electrons. Survey spectra were

scanned at the resolution (FWHM) better than 1.8eV, higH”' CHARACTERIZATION AND SILICIDE FORMATION

resolution spectra of specific elements were obtained at tHENALYSIS

resolution not worse than 0.96 eV. XPSPEAK 4.1 XPS peak

fitting program was utilized for treatment of the photoelec-A- Transmission Electron Microscopy

tron spectra. The same degree of asymmetry was used in

the deconvolution of the platinum peaks. Relative concen- STEM micrographs obtained from the structures before
trations of atoms were estimated from ratios of normalizedand after annealing for the platinum silicide layer forroati
areas under corresponding peaks. Shifts of peaks related (big. 1 e, f) are presented in Fig. 2. They demonstrate tleat th
elements in chemical compounds were compared with th@tpoly-Si structure (Fig.2a) contains, in addition to poly-
NIST X-ray Photoelectron Spectroscopy (XPS) Datal3ase. crystalline silicon and platinum layer, an interfacial éayof



FIG. 2. STEM images of the i [Fig. 1 e] (a) and Pt silicig&i [Fig. 1 f] (b) samples; layer numbering corresponds toith&ig. 1: (1) a CZ
Si:B wafer; (2) bolometer membrane layers: (2a) S#0d (2b) SiNg; (3) poly-Si:P; (5) Pt film, a dense interface laygri¢ observed beneath
the layer of polycrystalline Pt; (6) Pt silicide, a surfaagdr g) composed of grains of a dense substance is seen to covéaytbis

s tky barrier were estimated as approximately 66 and 32 nm,
---- Ptsilicide/Si ] respectively.

] By fitting the data (the density of poly-Si is adopted to be
2.0gcm?, that of the initial Pt film is assumed to be equal
to 21.45gcm® at room temperaturé) we obtain the best
agreement with the observation if Pt=3Pt,Si (the density is
16.268 gcm?®)?® and consequently the density of the resultant
silicide is approximately equal to 12.88g? for the initial

Brightness (relative units)

i TN ] Pt silicide sublayer thickness of 5nm and 12.35 for the
‘ s ' : as-deposited Pt silicide sublayer thickness of 11 nm (wlten fi
Depth (nm) ting we assumed that the initial Pt silicide sublayer cdesi§

some known Pt silicide phase, see, e.g., Refs. 12, 26, 27; the
FIG. 3. (Color online) Brightness profiles of the STEM imagés ~ density of PtSi is adopted to be 12.39¢dm®).
the PISi and Pt silicidgSi samples (Fig.2) obtained by averaging As a result we can make a preliminary conclusion about
the images over axes running along the layers: (1}B2nm, with  the composition of the resultant Pt silicide layer: it can be
an interface layer; (2) poly-Siy 125nm; (3) SiNa; (4) a granular  composed either entirely by PtSi or, more likely, by a com-
surfage layer of unknqwn composition; (5) Pt silicide66 nm; (6) bination of PtSi and BSi. The maximum content of F5i
poly-Si,~32nm; (7) SiNa. is estimated as approximately 11 vol.% (14 wt.%) for the sili
cide density of 12.83/gm?®. Unfortunately, we cannot resolve
from our STEM measurements whether this layer consists of
unresolved internal structure between the Si and Pt layers mixture of the PtSi and i grains or it is composed by the
(The EDX microanalysis indicates the presence of Si in theptSj and PiSi layers. We belive however that it likely should
interfacial layer.) In the Pt silicidpoly-Si structure (Fig. 2b), be layered since the initial structure is layered and thepzsm
besides the polysilicon and silicide layers, a granulaelay nents difuse between relatively homogeneous layers during
consisting of a relatively dense substance lays atop the silthe solid-phase reaction of the silicide formation.
cide. And finally, we should mention that an average thickness of
The images in Fig. 2 allowed us to roughly estimate thethe uppermost granular layer of the Pt siligiogly-Si struc-
composition of the platinum silicide layer using the mass-co ture (Fig. 3, number 4) is about 15 nm; its composition cannot
servation law just like it had been done in Ref. 10 for the eick be determined from the STEM images.
silicide Schottky diodes. We measured the mean thicknesses
of the Pt and poly-Si layers before and Pt-silicide and (8ily-
layers after the Schottky junction formation (Fig. 3). Ireth
structure before formation of the Schottky junction, therav
age thicknesses of the layer 1 and the layer 2 in Fig. 3 were _
evaluated as nearly 32 and about 125nm, respectively. Thk X-ay Diffractometry
layer 2 corresponds to poly-Si whereas the layer 1 consists
of two clearly resolved sublayers, which we could attribute For determination of composition of the/poly-Si and
to Pt and some compound of Pt and Si, with the approxiPt silicidgpoly-Si structures their qualitative X-ray structural
mate thicknesses of 21 to 27 nm for Pt and, respectively, 1phase analysis was performed. fitiaction patterns of the
to 5 nm for the Pt—Si compound. The average thicknesses atudied samples for Cufand Cu K lines are shown in Fig. 4.
the Pt-silicide and poly-Si layers after formation of thdn8e  To reduce the signal from the single-crystalline Si sulbstra

B. X-ray Structural Analysis



TABLE |. Reflexes observed in the X-rayfffaction patterns from the Poly-Si structure (Fig. 4 a) and Pt silicigly-Si structure (Fig. 4 b).

Phase Difraction Cuk, CuKy
Composition  Crystal System  Crystal Plane 0 2 Band 2 Band
Miller Indices  Tabulate! Measured Intensity Tabulattd Measured Intensity
(hkD (deg) (cps) (deg) (cps)
PYpoly-Si (Fig. 4 a)

Si cubic 111 2814 2843 7 2565 2561 2

PP cubic (111) 3979 3955 8038 3573 356 2241

PtSi tetragonal (202) 583 562 5 5030 502 2

Si cubic (004) 693 692 228 6169 617 81

PP cubic (222) 830 853 368 7571 754 100

Pt silicidgpoly-Si (Fig. 4 b)

PtSi orthorhombic (011) 290 291 34 2618 261 12

PtSi & orthorhombic (200)

PLSi tetragonal (110) 325 321 75 2891 290 22

Si cubic (002) 3206 330 298 2997 298 5

Pt cubic 111 396 3973 38 3573 357 12

PtSi orthorhombic 211) 481 439 34 3939 3945 15

PtSi orthorhombic (020) 501 511 33 4560 457 8

PtSi orthorhombic 121) 566 561 5 5013 501 1

PLSi tetragonal (202) 583 562 3 5030 504 2

PtSi orthorhombic (220) 630 615 5 5490 551 2

Si cubic (004) 693 691 75390 6169 617 40870

PtSi orthorhombic 114 785 799 7 6301

Unidentified 728 15

PtSi orthorhombic 411) 791 748 17 6650 665 4

PtSi orthorhombic (031) 825 823 7 7273

Si cubic (006) 1160 10054 1007 16

2 PDF-2 Powder Otraction Database, Joint Committee on PowddfrBétion Standards — International Centre foffiction Data.
b The peaks of Pt in the Rioly-Si structure are shifted with respect to their taledapositions; this shift may be a result of admixing from 3 #1.8%6 of Si to
Pt.

when studying the Rtoly-Si sample theq— 0.3°)-29 curves  for CuKj. It should be noticed that the Si(111) peak of the
were measured instead of the2d ones (thed angle was de- polycrystalline silicon at 2 = 28.44°, which is observed in
creased by @° during scanning). Comparison of the curvesthe Ptpoly-Si structure, is absent in theflitaction pattern of
obtained in these modes shows that the intensity and pesitio the Pt silicidgpoly-Si structure although the polysilicon layer
of reflexes from polycrystalline phases remains unchangied f is well seen in the STEM image of this sample (Fig. 2 b).

the both scanning modes. The observed reflexes for the both structures and corre-

In the Pfpoly-Si structure (Fig. 4 a), intense reflexes from SPONding phases of substances are listed in Table I.
platinum—Pt(111) and Pt(222)—and the Si(111) reflexes
from the polycrystalline silicon are observed. The att¢ada
although relatively strong, Si(004) reflexes from the sagl 2. X-ray Reflectometry
crystalline silicon substrate are also detected. In aolitiel-
atively weak peaks corresponding to theSttphase are re-
vealed; the latter phase turned out to appear during the—depg
sition of Pt by magnetron sputtering at room temperature.

X-ray analysis also allowed us to obtain more detailed data
n the structural and chemical composition of the Schottky
junction layers from the experiments on X-ray reflectiont Fo

Intense peaks related to the PtSi phase are observed in tdetermination of the layer-by-layer structure of the saapl
Pt silicidgpoly-Si structure (Fig.4b). Additionally, Pt(111) reflectograms (angular dependences of the reflectanceg of th
lines are also registered which indicates that some amdunt &{poly-Si structure and the Pt silicigmly-Si structure have
unreacted platinum still remains in the structure. The presbeen measured (Fig. &q = 4 sind/A is the change in the
ence of reflexes from P%i also is not excluded but they seem wave number of the reflected quanta in the incidence plane).
to overlap with the intense lines of PtSi. The intense Sif002Fitting the experimental curves by numerical simulatiores w
and Si(004) reflexes are present in the patterns; the Si(@096) have determined the layer composition, the thickness of the
flex is seen in the range of highfifaction angles in the curve layers and their roughness (the Névot—Croce paran&er).
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FIG. 4. (Color online) X-ray diraction patterns of the Roly-  FIG. 5. (Color online) X-ray specular reflectance of thepBly-Si
Si (a) and Pt silicidgoly-Si (b) multilayer structures measured for (&) and Pt silicidgpoly-Si (b) multilayer structuresiq = 4z sin6/1
CuK, (1 = 0.154 nm) and Cu K (1 = 0.139 nm) lines; the curves in IS the change in the wave number of the reflected quanta imthe i
the panel (a) were measured in the-(0.3°)—29 mode, the curves in ~ ¢idence plane; experimental data for the Gudtd Cuk lines are
the panel (b) were measured in thed mode; Miller indices without ~ Presented by dots connected by thin lines, the thicker sialis rep-
substance chemical formulas relate to PtSiSRfL10) and PtSi(200), resent the simulated curves; the curves 1 are multipliecOy 1
Pt,Si(110) and PtSi(121) reflexes pairwise overlap in the péreb
list of reflexes is given in Table .
position, i. e. it likely forms during magnetron sputteriofy
Pt on poly-Si at room temperature.

The obtained data for the both structures are presented in Ta Numerical simulation of the Pt silicigeoly-Si structure
blell. yields four layers composed by Pt and Si irffelient pro-
portions located on the surface of this structure; theialtot

The Pfpoly-Si sample contains layers of Pt and$ttwith
fooly P 4 d thickness is about 23 nm. Then the PtSi layer lies the density

the total thickness of about 31.8 nm and densities coingidin , 5
with the corresponding tabulated vali#&€8 (The Pt layer is  ©f Which (12.4gc’) corresponds to the tabulated orté:

subdivided in two sublayers, a layer of pure Pt, layer 1, antfc’ly's"_ S'I'C_On nltrl_d_e, S|I|§:0r_1 d|ox_|de and Si substraid-

a layer of Pt with admix¥ure of 5 Z\t. % OF; Si, layer {a.) The 0w PtSi; their densities coincide with the tabulated ofes.
layer thicknesses of poly-Si, $i, and SiQ correspond to A composition of the first four layers of this structure (lay-
the process parameters (Fig. 1) and their densities caincicers 1 to 4 in Tablell) was calculated from their mean den-
with the tabulated value®:28 Note that Pt, RSi and poly- ~ sities determined from the reflectometry data. Their dgnsit
Si are observed by the X-ray phase analysis. The layers d¥as assumed to linearly depend on composition in atomic %.
the silicon nitride and silicon dioxide are not observedhia t This assumptionis proved by the fact that platinum siliside
X-ray phase analysis, probably, because they are in the-amdfnown composition follow this dependence with a good accu-
phous state. All the obtained data are in good agreement witfcy (the deviation is less than 7 %): e. g., PtSi anéHtave

the STEM observations; the total thickness of the PSPt the densities of 12.39 and 16.2/2g7, respectively.

layer (31.8 nm) matches that determined from the STEM im- The first two layers appear to be very rough: their Névot—
ages, the thickness of the,Bt layer (5.6 nm) is close to the Croce parameters are comparable with their widths. These
minimum estimate obtained above from STEM and the mastayers consist of platinum silicides, silicon and, accogdio
conservation law. So, we can conclude that th&SPyer is  the X-ray phase analysis, of platinum (see Table Il); i. eyth
really present in the Rioly-Si structure directly after Pt de- are nonuniform in the composition in the lateral direction.



TABLE Il. A sequence of layers in the fbly-Si structure before i
platinum silicide formation and the Pt silicigmly-Si structure after
platinum silicide formation and their parameters; the @aéderived
from the X-ray reflectogram. s
Layer Composition Roughnéss Thickness Density El
No. atomic (wt. %) (nm) (nm) (gm?) <
<
~
Pt/poly-Si (Fig. 5 a)
1 Pt 08 162 2145
la P§sSis 0.5 100 205 . . . . s . .
2 PLSi 07 56 1627 0 100 200 300 400 500 600
3 Si, poly 06 125 20 E, (V)
4 SkN4 0.2 200 31
S S_'OZ 03 550 22 FIG. 6. (Color online) Survey XPS spectra of th¢p®ty-Si (curve
Si, mono o3 substrate 33 1) and Pt silicidgpoly-Si (curve 2) structures.
Pt silicidgpoly-Si (Fig. 5 b)
1 Pt7Sies (PtsoSizo) 6.6 7.7 94
2 PtoSizy (Pt74Sizs) 6.0 83 7.9
3 PoSia0 (Plo1Si) 27 36 138
4 Pt4Sizs (Plo25Sizs) 22 39 146 ~ _
5 PtSi 13 52 124
6 Si, poly 34 32 20 H i
7 SkN4 22 190 31 b &
8 SiG; 0.4 17 19
9 SIOZ 03 550 22 66 68 70 72 74 76 78 80 82 66 68 70 72 74 76 78 80 82

Si, mono 03 substrate 33 E, V) E, (V)

2The Névot—Croce parametet Ref. 20.

Their total thickness determined from the numerical simu-
lation (15.8nm) is very close to the thickness of the granu-
lar layer determined from STEM (15nm). So, we suppose
that these layers form the surface granular layer obseryed b
STEM. .
The next two layers, according the numerical simulation, —'© o S .
are also rough, their total thickness is 7.5nm (Table ligyth ’ ’

pon5|st of platinum §|I|C|des, s!l!con_ and maybe also otpla FIG. 7. (Color online) High-resolution XPS spectra of Pt @and),
inum. However their composmon is rather.close to that. ofg; (2p band) and O (4band) in the top layer of the Poly-Si (a, d)
PtSi, they resemble a §8i granular layer with some addi- and pt silicidgpoly-Si (b, ¢, e) structures; measured bands are shown
tional amount of Si. This allows us to identify them as apy solid lines, peaks obtaind as a result of deconvolutiendaawn
replacement of the resultant,Bit layer deduced above from by dotted and dashed lines; groups of overlapping peaks arkeh
STEM and the mass conservation law. The total thicknesby common numbers in the panels (d) and (e).
of these layers and the PtSi layer is 59.5nm that is close to
the mean total thickness of the Pt silicide determined from
STEM. A fraction of this presumably £i—Si compound in
the resultant Pt silicide makes 12.6vol.% (14.2wt.%) tkat i
also rather close to the fraction determined from STEM andeems to be conditioned by the technological features of the
the mass conservation l&vSome reduction of the PtSi con- structure preparation. The layers of the silicon nitride aifr
tent may be a result of presence of the first two granular fayericon dioxide are not observed in the X-ray phase analysis of
which were not taken into the account in the estimation madéhis structure likely because8l; and SiQ are amorphous in
using the mass conservation law. them.

Poly-Si detected in this structure using the specular reflec
tion is not seen in the firaction patterns likely because of  Notice also that small values of reflectance of the latter
its small amount. A thin layer of SiDof decreased density structure in comparison with the calculated valueaat<
(1.9gcn?) is situated between $; and SiQ layers with  0.5nnT? (at low grazing angles) are likely conditioned by the
the standard tabulated densities. The presence of this layaonuniformity of the structure surface.

AaAasamaanasoet:
Si0,, C-H, C-OH
PO, C=0

MoO,
HO

1 (arb. units)

1 (arb. units)

IS

L L n L L L n n L
526 527 528 529 530 531 532 533 534 535



C. X-ray Photoelectron Spectroscopy

The XPS analysis of the bly-Si and Pt silicidgoly-
Si structures allowed us to study in more details the chem-
ical composition of the uppermost layers of the both struc-
tures and especially the composition of the granular layer i
Pt silicidgpoly-Si.

In the survey spectra of the /poly-Si sample (Fig.6, . . . ‘ ‘ ‘
curve 1), photoelectron peaks of Pt dominate; in additiohs O 0 100 200 300 400 500 600
and C Bsignals are also observed. The Pipkak (Fig. 7 a) is I(nA)
composed by three components: a peak with the lowest elec-
tron binding energy#, = 71.1eV) corresponds to metallic FIG.. 8. (.C(.)Ior online) Logari;hmicV—I characteristics of the
Pt, the next peak shifted to greafy (72.5eV) is associated PtSVpon-Sn d.IOde measured atfferent t.emperatures; the voltage
with the PSi compound, and, of the last peak (74.4eV) is measured in vol_ts_; th_e temperature in degrees Celsiusspnd-
is close to that of Pt dioxide. Fractions of Pt atoms in eacH"? each curve s indicated in the plot,
of the mentioned states make up a proportion of 90 : 4 : 6,
respectively. A fraction of platinum silicide in the film i® s
small that the Si B signal does not exceed the noise level. The 4f
oxigen peak (Fig. 7 d) appears mainly due to surface contami-
nation (e.g., because of the presence of adsorbates); gwev
a component of the Oslpeak withE, = 5319 eV, which cor-
responds to the binding energy of electrons in Ri®present 1
in the spectrum and the area under it is equal to a half of the
area under the Ptfdpeak of platinum dioxide. In addition,
a component which might be associated with silicon dioxide 5 S0 35 a0 a5 s0
may also be discriminated in the spectrum. Note, that com- T¢o
ponents of O §peak attributed Pt@and SiQ are overlapped
with components which may be associated with surface co
:ja}aTalnri?;;rtlge}[g?ﬁlrigdpuecaelf (SFCi);m; gng)e rtainty in interpostaf yal from 25 to 50 °C; the vqltagbl under the logarithm is measured

. ) s =) in volts; the legend to the right of the graph represents theesage

The C Isssignal (Fig. 6, curve 1) is likely completely deter- ¢or each curve.
mined by surface contaminants adsorbed during the sample
transportation through the air into the analytical chamber

Annealing of the Bpoly-Si structure for formation of the Pt inum silicide that allows us to assume the formation of more
polycide considerably transforms the survey spectrum @ig complex compounds than PtSi and&itin the topmost layer
curve 2). At first, Si and Si peaks appear in the spec- of the Pt silicidgpoly-Si structure such as, e.g., Pt silicdfes
trum. At second, the Oslsignal significantly increases, with or some other amorphous substances composed by Pt, Si and
the absolute magnitude of the At geak noticeably decreas- O which cannot be detected by the X-rayfdictometry.
ing. Components with maxima &, = 71.1,72.6 and 75.1 eV The Mo peaks in the discussed spectra in Figs.6 and 7d, e
attributed to Pt, PtSi (and likely F3i, i.e. the peaks cor- relate to the sample holder.
responding to these silicides cannot be resolved using non- Taking into the account the presence of intense peaks of Pt,
monochromatic X-rays) and Pt oxide are present in the sped&i and O we can conclude from the XPS analysis of the Pt
trum (Fig. 7 b); the contents of these substances in the filnsilicide/poly-Si structure that its topmost layer is formed by a
correlate as 86 : 11 : 3. Thus, the fraction of Pt silicide ggow non-uniform film composed by Pt, Si@nd some compounds
more than twice whereas the fraction of Pt dioxide decreasesf Pt, Si and O having a complex structure. A thickness of
by about two times as a result of this technological openatio this film exceeds the depth of sensitivity of XPS that is about

The analysis of the Si@peak demonstrates that it can be 10 nm. This conclusion well agrees with the observations and
deconvolved into two components with maximadegt= 1025  analysis made above by means of STEM and X-ray reflec-
and 103.4eV (Fig. 7 c); the more intense component may btometry. We should emphasize also that §i®t silicates,
attributed to the natural oxide. This assumption is prowed b etc. may be amorphous and therefore they are not registered
the presence of a component corresponding to, $iCthe by the X-ray difractometry.
O 1s peak (Fig. 7 e); its intensity slightly exceeds the value
which might be explained by the presence of Siftat might
be attributed, e.g., to the presence of the surface adsdidrat D- Résumé of Analysis
which oxygen peaks have the same chemical shifts as in SiO
The less intense component of the Bifeak (Fig. 7 ¢) corre- We can conclude now from the above analysis that (i) the
sponds to the 8f state. The concentration of the Si atoms ininitial Pt/poly-Si film contains a BSi sublayer, about 6 nm
this state is close to the concentration of the Pt atoms i plathick, which forms at room temperature at the interface of
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n1G. 9. (Color online) Temperature dependences of voltéaydixed
forward currents through the PtBoly-Si Schottky diode in the inter-



Pt and poly-Si during Pt deposition on poly-Si by magnetron | -
sputtering. (i) About 15nm thick granular film has formed - :
on top of the Pt silicide as a result of the polycide formation_ | ~
in the solid-state reaction of the thin film of Pt with poly;Si =
it is composed by grains of Pt, Si, Pt silicides and amorphou B —
compounds of Pt, Si and O. (iii) The PtSi phase dominatesir |~ - ., ° TP
the composition of the resultant Pt silicide and electnizab- H e 0 SR BTN T
erties of the produced Schottky diode should be determined

by the PtSfpoly-Si junction. The obtained structure will be £G. 10. (Color online) Linear fits of dependences of voltimga-
further referred to as Py@ioly-Si. rithms on the Ptgpoly-Si Schottky diode temperature for fixed for-
ward currents through the diode in two temperature intervéh)
close to the room temperature (from 25 to 35 °C) and (b) abdelV
IV. ELECTRICAL PROPERTIES AND TEMPERATURE temperatures (from 35 to 50 °C); the voltadeunder In is taken in
SENSITIVITY volts; the legend to the right of the plots represents curvatues
corresponding to the fitted sets of the experimental points.
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A. |-V Characteristics at Different Temperatures

<4 25t035°C
I-V characteristics of the Pi®oly-Si Schottky diodes af > I
(Fig. 1k, 1) measured at fierent temperatures in the tempera-
ture interval 24 to 50 °C are shown in Fig. 8 as logarithiic

| curves for several values of the temperature. The curves in
Fig. 8 were obtained from one diode randomly selected from a 2f T4
large number of produced chips of diodes dfelient shapes
and sizes; all the tested diodes had simite&¥ characteris- e
tics, but some parameters varied from chip to chip, e.g., the 0 50 100 150 200 250 300 350 400 450
rectification ratios varied from several hundreds to moamth &)

a thousand for dierent diode sizes. However, in general the _ _
dependances of diode current on temperature Wegr]e simiar ar 'O 11 Temperature catcients of voltage TCU) derived from

h | h terizing the t i itivi linear fitting of temperature dependences of voltage drophen
e values characterizing the temperature sensitivih €15 PtSjpoly-Si Schottky diode in the temperature intervals fromt@5

TCU, were close for the examined chips. So, since we dgs and from 35 to 50 °C (Fig. 10) represented as functionseofah
not set a goal to investigate the production statisticSi S15¢  ward current through the diode.

potential yield of the diodes, we will demonstrate the main

parameters of the P{bly-Si Schottky diodes analysing an

example of only one but representative sample. rent until saturates at nearly 2% when the current is in-

The V-l curves measured atfterent temperatures allowed creased to about 400 nA. If the temperature is in the interval

us to derive dependances of the voltage drop across the dioéi®@m 35 to 50 °C, initially high in absolute valug€CU de-

on temperature for dierent values of current flowing through creases, reaches minimum at about 150 nA and then increases

the diode (Fig.9). The obtained lalfT) curves for the for-  again reaching the absolute values some greater thahQ %

ward biased diode are seen to be non-linear for the temper&o, we can conclude that there exist an interval of current

tures from 25 to 50 °C and current values up to at least 400 nAn which TCU is nearly permanent in the whole temperature

However, we can see a point around 35 °C which divides thénterval from 25 to 50 °C in which we have investigated the

curves into two nearly linear parts; if we subdivide the temp  PtSjpoly-Si diode electrical properti€s.

ature interval into two narrower ones at this point we obtain The obtained values &fCU allow us to conclude that the

two sets of straight lines for each of these intervals whith e PtSjpoly-Si Schottky diodes are very promising temperature

able us to obtain the values ®CU (Fig. 10). sensors for bolometers havingfBciently high temperature
sensitivity. TCU of a bolometer cell, and hence its sensitivity
to a detected radiation, can be easily increased by placing a

B. Temperature Coefficient of Voltage set of serially connected diodes on a membréne.

The values off CU for different currents through the diode
are calculated by linear fitting the data of the(T) depen- V. CONCLUSION
dances (Fig. 10). The slopes of the obtained straight liees d
termine the function§ CU(I) = d[InU(l, T)]/dT for each Summarizing the above we should emphasize the main re-
of the temperature intervals. These curves are presented gults of the article.
Fig. 11. The values of CU are seen to be negative for all the  First, using a technological process well developed in
values of current in the both temperature intervales. the industry, which is compatible with the CMOS or
In the temperature interval from 25 to 35 °C, the absoluteCCD manufacturing process, we have formed thin-film
value of TCU initially non-linearly grows with increasing cur- PtSjpoly-Si (polycide) Schottky junctions on artificial dielec
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tric SizN4/SiO,/Si(001):B substrates simulating the bolometerio. v. Chizh, V. A. Chapnin, V. P. Kalinushkin, V. Y. Resnik, V5.
membranes and ready to MEMS-etching the bolometer cells, Storozhevykh, and V. A. Yuryev, Nanoscale Res. Betl77 (2013).

Second, the analysis of the polycide formation process has

demonstrated that the initial Boly-Si film contains a BSi

IK. V. Chizh, A. G. Novikov, A. S. Turtsevich, O. Y. Nalivaykoy. A.
Yuryev, V. P. Dubkov, V. P. Kalinushkin, V. A. Chapnin, L. V.rApkina,
S. A. Mironov, M. S. Storozhevykh, V. Y. Resnik, O. V. Uvarowand

SUb|a){er, about 6 nm thick, Whi(_:h fO_rmS at room_t_emperature P. 1. Gaiduk, inXIl International Conference on Nanostructured Materials
at the interface of Pt and poly-Si during Pt deposition by mag (NANO 2014), July 13-18, 200X#tomonosov Moscow State University,

netron sputtering. In the process of the Pt polycide foromati
in thin films, a granular film forms on top of the Pt silicide (in

Russia, 2014) paper 4778, htfpww.nano2014.orghesigview/4778.
125, p. Murarkasilicides for VLSI ApplicationAcademic Press, New York,

83).

thIS_WOI‘k, It Wa_s 15 nm _th'Ck); it turned out to be composed bylSA. Rogalski, Opto-Electron. Ret, 95 (1993); Progress in Quantum Elec-
grains of Pt, Si, Pt silicides and amorphous compounds of Pt, tronics27, 59 (2003); Opto-Electron. Re0, 279 (2012); inHandbook of
Siand O. The PtSi phase dominates in the resultant Pt glicid Infrared Detection Technologedited by M. Henini and M. Razeghi (Else-
and electrical properties of the produced Schottky diode ar,Vier, UK, Oxford, 2002) Chap. 1, pp. 5-210.

determined by the Ptfioly-Si junction.

V. P. Sondaevskii, V. P. Kalinushkin, V. M. Akimov, V. E. Briégyskii,
V. P. Liseikin, N. V. Komarov, A. |. Patrashin, A. V. Savin, &s. V.

And finally, we have demonstrated that the obtained gpchykin, Russian Microelectronies, 172 (1997); A. V. Voitsekhovskii,

PtSjpoly-Si Schottky diodes have ficient temperature sen-
sitivity (TCU ~ 2 %/°C at optimal operating conditions) to be

A. P. Kokhanenko, S. N. Nesmelov, S. I. Lyapunov, and N. V. ldoon,
Russian Physics Journéd, 794 (2001);44, 1139 (2001).

used as temperature sensors in bolometer detectors of I’adllg.M' Kimata, in Infrared Detectors and Emitters: Materials and Devices

tion. Their sensitivity exceeds that of stand@rehjunctions

edited by P. Capper and C. T. Elliott (Kluwer Adamic PublisheDor-
drecht, 2001) Chap. 4, pp. 77-98.

formed in single-crystalline Si or in SOI substrates wherea 16y, a_ yuryev, V. A. Chapnin, K. V. Chizh, V. Y. Resnik, V. P. Kotkov, and
their manufacturability in MEMS processes used for bolome- G. A. Rudakov, inXXI International Scientific and Engineering Conference

ter fabrication is higher than that of mono-Si diodes.
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