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Abstract. Since their first synthesis, cubic boron nitri@eBN) and diamond thin films have triggered a vividerest in
these wide band gap materials for many differeqie@tions. Because of superior properties, c-BN diadnond can be
applied in optic, electronic and acoustic for higerformances devices. In this discussion, we fiestcribe briefly the
properties of c-BN and diamond and we review bothgtowth techniques and the progresses achievibe isynthesis of c-
BN and diamond, in the second part, characteristfcaew c-BN and diamond UV detectors for solar obson are
reported. These photo-detectors present extreraelydark current, high breakdown voltage, high respaty and stability
under UV irradiation. Finally, diamond based acmusivices and sensors are presented. High freguetmustic wave
devices can be design for high frequency filterargsensing applications. Diamond/AIN micro-cantdey are excellent
platform for sensor applications.

Keywords: diamond, cBN, AIN, sputtering, CVD, doping, photoatte, RF resonator, actuator, sensor.
PACS:81.05.-t, 81.15.-z, 81.16.-c, 81.20.-n, 81.20.-n, 85.30.-z, 85.50.-n, 85.60.-q, 85.85.+]

1. INTRODUCTION

The compounds of the B/C/N system as cubic bortndai(c-BN) and diamond possess exceptional
properties. Modern key technologies as microeleitsy power devices, optoelectronics or micro-aaden
systems lie in mastering of these new materialdywtion.

Whereas natural diamond occurs, only syntheticachbron nitride (c-BN) can be growth. In analogy
to carbon, boron nitride can be synthesized in major crystalline polytypes, the hexagonal (h-BNyj dahe
zenc-blende structure (c-BN), related respectitelthe sp and the sphybridation of the chemical bonding of
both atomic species, with similar physical propertio graphite and diamond. Boron nitride is isctedaic to
graphitic carbon and cBN and diamond are both rtedtées The carbon-carbon bond is purely covalergreds
the boron-nitrogen bond is partially ionic. Thesrylight materials have unique properties inclgdingh
degree of hardness (cBN is the second strongeshamidst material after diamond), strength, wesistance
and robust to radiation. Unlike diamond, c-BN isewtical inertness readily with ferrous metals, colaald
nickel (or with an oxide) and has a high resistaiocexidation in air up to high temperature (120ph&king it
even more attractive for tooling applications. Rartmore, these semiconductors are suitable fooadmange of
electronic applications. Indeed, cBN has the widestrgy band gap of all 11I-V compound semicondtsto
(06.4eV compared to 5.5eV for diamond) and it is $pmrent over a large spectral rahdgince cBN can be
easily doped both p- and n-type, it is more ativacthan diamond cBN has the highest thermal conductivity
just after diamond (13WcnhK ™ for cBN - 24Wcm'K ™ for diamond at 300K) and both undoped materiakhav
high electrical resistivity. These properties makese materials excellent candidates for applinatiopower
electronics, micro-nano-mechanical resonator, éotua sensor.

2. CUBIC BORON NITRIDE GROWTH

The synthesis of cBN can be performed in variougswasually at high temperatureT0O00K) and
high pressure (P>4GPa), involving a change fromhéheagonal to cubic phaser at low temperature and high
pressure, the rhombohedric phase turns into cBN.

C-BN can be obtained by both Chemical Vapor DeosifCVD), Physical Vapor Deposition (PVD)
or pure ion beam deposition. It has been shown bByymauthors that the growth process requires iatens



bombardment with energetic particles [200(eV.dffiup 1(keV.amuy? *° The threshold value for the
formation of high cBN content is variable and degeion the deposition technique. This is due towelt
defined energy bombarding ions involving a mordess wide distribution of energies. This methodwa to
reduce the concurrent formation of the stable hemalysoft h-BN. In most cases, cBN filmermally grow via
amorphous (aBN) and turbostratic (tBN) interfadélers, which are soft ansoisturesensitive, on a foreign
substrate (such as silic8nThe interfacial tBN layer acts as an incubation imedfor cBN nucleation.
Whatever the method used (PVD or CVD), the layesvitably withstands with significant build-up of
compressive stres®-20GPa)after deposition and delamination or cracking of fiim can occur So, this
problem limit the practically achievable thickness-BN coatingdarger than 200nrh

Another disadvantage of these deposition methodkeidow growth rates and the layer is made of
nano-crystallites with grain boundaries which asenfiful to opto- and micro-electronics applicationkerefore,
the substrate, its surface pretreatment and itpaesture are key criteria for adhesion and qualitgdeposited
cBN films®, Furthemore, to obtain high purity cBN films, st iecessary to be close to stoechiometry and to get
residual oxygen level below 48

To improve adherence and to reduce the stresdmofdiuring growth, different solutions have been
tested: (i) stacks of a metal buffer multilayer WG, TiAIN, TiN, Ti(B,C)...) followed by a thick layesuch as
B4C or BCN and a cBN film; (ii) hBN/cBN multilayersexks...
Finally, to improve the adherence and reduce thesst a two steps process has been used basegant-a
treatment or an in-situ hard process to nucleagh BN sites density followed by a specific sofoqess
permitting the growth of a thick, low stress andhiquality cBN film. By this method, high growthtea
(>0.2um/h) is obtained. By this way, an epitaxiabwgth of c-BN films can be successfully realizedngs
fluorine-assisted growth and introducing a diamantérlayer®. Analog to diamond growth, fluorine will etch
especially graphitic phase.

In this work, high quality, thick and adherent cBilshs have been grown at high temperaturi@00°C).
The films were deposited on diamond-coated silisobstrates in an electron-cyclotron-resonance mave
plasma (ECR-MW) CVD system using a He-As-BFs;-H, gas. The introduction of fluorine chemistry intet
plasma reduced the film stress and enabled the tgroi thick (>2um) cBN films with relatively large
crystallites. Diamond films using as substratesdBN growth were deposited on silicon (001) waferth a
routine microwave plasma CVD metH8d

The films present a columnar growth of cBN with epitaxial growth at the interface with diamond
crystallites. The film stress is low (2GPa), cdmiting to the superior adhesion and stability irwmnid
environment. The hardness and the elastic moduluinas obtained are quite high (75GPa and 800GPa,
respectively).

3. DIAMOND GROWTH

Artificial growth of diamond has been developedtie second part of the ®@entury. First artificial
diamonds were produced by HPHT, latter it was shtivat diamond can be grown at low pressure by CVD
process. Since then CVD diamond growth techniquere \@eveloped and optimized.

It is reckoned in the field that atomic hydrogers ke significant role in low pressure growth of
diamond. Several methods of hydrogen activationst,etke thermal activation by hot filament and éhectrical
activation by microwave plasma. These two methods @omparable in general and in terms of gas
compositions, pressure and substrate temperatweiever, the substrate size is limited in MWPECVD in
contrary to hot filament, but the grow rate cansignificantly higher. Nonetheless, large area dejoosof
Nano-Crystalline Diamond (NCD) by MW-PECVD usingfaice waves have been reported recéhtiyne of
the main issues in diamond growth on a foreign tsates is diamond nucleation. Even if the nucleation
mechanism is still not well understood, two methbdse been proven to be efficient: mechanical sgednd
bias enhanced nucleatfdnWith the use of the recently developed detonatianodiamond colloid, it has been
proven that nanodiamond seeds can be efficientipedsed on samples’ surfaces before grbwthhis
technique leads to the highest nucleation densitddgevable but one can also observed a lower adberof
thick diamond films compared to films deposited substrates nucleated with others methods. Depositio
conditions of diamond by CVD techniques have beétfely studied and several diamond film crystallast
have been obtained: (ultra-)nanocrystalline diamamidrocrystalline diamond, highly oriented diamphdtero-
and homo-epitaxial films. With extremely high reefaation rate, films grown either in argon richydhogen
poor plasmas or with bias results in ultra-nandatise diamond films with grains sizes below 10n@ther
nanocrystalline films are grown in hydrogen richgha as microcrystalline films; they consist inggahof thin
films (bellow 1um) with columnar structure. High abeation density is a key point for the growth bfst
materiat. Thick microcrystalline or polycrystalline diamofitns have in general a (110) texture. The texture
varies with the process parameters including intigsrias nitrogen that promote (100) texture. Byaeeful
control of the nucleation and the texture, highlignted and heteroepitaxial diamond films have basained.



So far, best results of heteroepitaxial diamondwginohave been obtained on Iridium, one inch in ditan
heteroepitaxial films has been recently reported are commercially availabfe Epitaxial growth has been
extensively studied for substrate size enlargerardtfor electronic applications. Diamond has beproanising
material for high frequency and high power eledendespites several severe drawbacks: small dize o
substrate, limited number donor and acceptor inigsri high activation energy, incorporation, anenptex
processing...

Nitrogen, phosphorous (P) and boron (B) are they matkoned electrically active impurities of diandon
nowadays. All have high activation energy, meanthgt at room temperature, only a minute amount of
impurities are ionized. Activation energy of niteogis so high that it does not have practical apptins.
Successful incorporation of P or B with good eliecproperties has been only achieved by PECVD. The
qualities of the films are strongly dependent om Hubstrate orientation. Best p-type diamond filvere
obtained on (100) substratesvhile the best n-type layers were obtained on Yklbstrates. This problem
limits the fabrication of good bipolar diamond dms. The recent demonstration of P incorporatiorf1d®)
oriented diamond might be a solution to this proble

TABLE 1: Other properties of wide band gap materials farapplications.

Physical properties @ 300K wAIN cBN diamond
Band gap (eV) 6.1 (direct) 6.4 (indirect) 5.5 (indirect)
Mass density (g.ci) 3.25 3.45 3.52
Breakdown voltagex10°v/cm) C1.5 2-6 10
Resistivity ©.cm) >10" >10° >10'

Dielectric constant 8.5 7.1 5.7
Electron (hole) mobility (cRiV.s) 300 (14) 200 (500) 2200 (1600)
lonization Energy to create e-h pair (eV/ehp) 18.8 17.6 13
Coefficient de dilatation thermique

(x10° °C'@ 400°C) 4152 4,8 0,8
Vitesse acoustique (kmts 6.3-10.1 £9.6-17.4 C11-18
Dureté (kg.mrif) 800 4000-5000 9000
Module de Young (GPa) 308 820 1140

4. APPLICATIONS

Since their first synthesis, exceptional properties-BN, AIN, and diamond (Table 1) have arisea th
interest in these materials for many different agpions. Firstly, they have been used for meclanic
applications since C-BN and diamond are the twaldstrknown materials. Both c-BN and diamond hagh hi
thermal conductivity and they are transparent wide range of the electromagnetic spectrum thateslltheir
use in optical windows and thermal management. &kéde band gap materials have been also forseba to
used in semiconductor devices operating in harsfr@mments as solar blind UV detectors in space RAY
project). These materials possess desirable piepdar MEMS applications as microcantilevrand electro-
mecanical devices as SAW devices operating at fnegfuencie¥. In addition, the biocompatibility of diamond
makes it suitable for biosensors applications.

4.1 X-UV Photodetectors

The goal of this work is to develop large singlgebidetectors (>3mm diameter) dedicated for the
fabrication of imaging arrays of micro-pixel struats for space applicatidfls

Knowing the harsh space environment, radiation4tnesd of Wide Band Gap Materials (WBGM) could
significantly extend the performance and the lifetiof the sensor. As defined for applications iacgp solar-
blind photodetector requires a detector cut-off @amgth below 150nm wavelength which is insensititd the
solar continuum spectrum or photons of lower erférgy
Another important gain is the mobility of chargeréas in WBGM which can be very high (Table 1)ehables
a very fast response of detectors opening cagabilibr higher cadence observations and new phatonting
readout schemes.
However, under VUV the penetration depthi(d) drops drastically to few nanometers as for theman-alpha
line (121.6nm). In the technological process, thage treatment is a significant step to obtaiw kurface
recombination velocities and consequently an impnaent of the sensor sensitivity. Furthermore, drigcial to
optimize the photo-electrons collection close te tburface by means of a planar configuration of the
electrode¥.

Different types of semiconductor detectors haventd®veloped (in order of increasing manufacturing
complexity): Metal-Semiconductor-Metal (MSM) diodddSM photoconductors and PIN photodiodes. These



carriers created by photoelectric effect are sapdray the electric field due to either the builtpotential
(MSM diode or PIN) or the applied voltage (MSM pbatnductor), produce a current proportional topheton
flux.

The choice of the photosensitive diode dependsheir tnherent properties and various constraints,amly
related to performance but also to the fabricaimtess: the photoconductors and Schottky-diodededuilt
with co-planar structures, making their producteasier than PIN diodes consisting of different dbfsyers
and that requires an etching step.

Usually, photoconductive devices have a high seitgitand may benefit from internal photoelectric
gain (in constant voltage operating mode). Sineg teed a bias, they have low impedance but usadiigher
dark current than Schottky- or PIN- diodes. Théetaprovides the advantages of bias-free operatiery, low
background dark current and fast response.

For MSM photodetectors, various criteria requir@sideration when designing a UV photodetector fmace
applications: (i) the optical wavelength of intarés0 to 200nm), (ii) the thickness of semicondudton film,
(i) material nature and structure and (iv) theside and the metallic electrodes content.

MSM photoconductor consists of a semiconductor $amyth two ohmic contacts where a potential digfece
is applied between them while the MSM photodiodesisentially two Schottky barrier diodes back-tokofully
depleted under sufficient bias. MSM photoconductmes different to MSM photodiodes in several impott
ways: current is carried both by minority and miyocarriers in the photoconductor, and the gaim loa higher
than unity depending primarily on the ratio of thaority carrier lifetime to the majority carrieransit time.
Figure 1 show the solar spectral irradiance medsuwepace. It can be noted that the visible sotentinuum
(from 400-to 700nm) is 4 to 5 orders of magnitudiglder than the VUV part of the spectrum (from &Oto
122nm). A good rejection of the wavelength abovents (e.g. more than 4 orders of magnitude) constitue
ideal sensor for VUV solar observations. The quanefficiency of a diamond MSM photoconductor, wAIN
MSM and cBN photodiodes are also shown in Figuréhiese materials present a large band gap anddhere

its fluctuations which act as a noise, are muchueced, permitting room temperature operations. The
performances obtained on MSM photodetectors amengiv Table 2.

TABLE 2. Summary of performances obtained on MSM photatiets.

Dark current Responsivity [mAa/W} Cut -off _(nm) Rejection rate
cC 1pd (+5Y) 48 (@ 210nm) 225 (5.5 eV} 1.35%10°(210/400)nm
WAIN 17 00 fa (+ 100v) 2 (@ 200nm) 203 (6.1 oV} 107 {200/360}nm
cBN 9.3pA[+50V) 32 (@ 180nm) 193 (6.4 eV} 1.05=10%[180/250)nm

The active area sensor has an inner diameter @5inm. The interdigitated separation varies froppni to 10
um and the metal fingers width varies from 2 to 5{Time details on the technological process arenging22,
23]. An optimized circular geometry of interdigidt electrodes permits to improve response unifgrrhigh
efficiency of charge detection and very low darkrent at room temperatiffe

— ideal photodetector (for X-UV solar observations)
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FIGURE 1: (a) Photo of diamond MSM photoconductby;The solar spectral irradiance measured in spaddrom Earth
(left ordinate axis) compared with the quantumcégficy (right ordinate axis) of an ideal and expemtal wide band gap
detectors for solar observations (diamond, wAIN eB8l MSM).

4.2 Diamond capabilitiesfor RF mechanical resonators

One of the most attractive applications of diama@nthe High Velocity Surface Acoustic Wave devices
(HVSAW). A great progress in research and develognmas been carried out to make CVD diamond film



compatible to these devices. Several kinds strestbased on poly-crystalline or nanocrystallinentind
coupled to a piezoelectric thin film such as Zn@\ Ar LINBO; have been investigated. It has been found that
HVSAW device can be achieved by such structuresnvdi@mond thickness is chosen higher than wavehengt
two times. One of the most promising multilayerustures is AIN/Polycrystalline diamond (Poly-dianddn
providing SAW velocities in excess of 11km/s anecalomechanical coupling coefficientJKup to 2%, To
achieve high Kin the HVSAW device, a high value of AIN normalizélins thickness (kh=gxh/A where h is
the AIN film thickness and k is the wavelengthneeded. From this point of view, the fabricatidritos kind

of acoustic wave device is not in perfect agreemétiit conventional silicon technologies. Since fiast years,

a particular attention was done on the new desfgnicro-electromechanical (MEMS) resonators techgis
based on piezoelectric transduction. Among thesigde AIN Contour-Mode MEMS resonator (CMR)and
thin film plate acoustic wave resonators (FPXRjre particularly promising. These new designs aafuatic
wave devices permit to increase drastically theratpeg frequency and the quality factor by morentiome or
two magnitude compared to conventional HVSAW devifar the same mechanical wavelength. Until now,
operating devices based on this technology giviigh Iperformance have been achieved on AIN or Zn@® th
films for devices applications dedicated to frequyereference and integrated circuits. However, stiess of
these devices is limited when it works in harshiemments and when it must withstand high powetaifew
Watts. Therefore, integration of piezoelectric mateon diamond thin films permits to obtain mecitah
resonators with high performance for wireless comications thanks to its thermal and mechanical @rtigs.
Theoretical analyses have been performed in oodevaluate the capability of AIN/diamond structaseFPAR
resonator. Figure 2 shows the dependence of tisticelmave velocity and Kfor the lowest symmetric Lamb
wave mode (§ as a function of AIN kh for both AIN and AIN/diaand devices. We can note clearly that S
mode properties are better on the AIN/diamond streccompared to the AIN one. Furthemore, it offershe
same time, high elastic wave velocity (more thaknif®) and high K (more than 3%) in large kh range (1 to 4).
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FIGURE 2. (a) AIN and AIN/diamond ¥corresponding to FPAR mode versus AIN normalizéckttess, (b) AIN, diamond
and AIN/diamond phase velocity corresponding to RFAode versus normalized thickness.

4.3 NCD thin film with piezoelectric material for high-frequency mechanical actuator

Diamond thin film based resonant structures offeresal advantages over silicon and other thin-film
materials used in micro- and nano- fabrication. rsonant structure, nano-crystalline diamond (NCD)
cantilevers are expected to provide high qualitytda These structures can be used in many apiplisat
including radio-frequency (RF) switch, high speetlator and sensdfs
In this study, a NCD/AIN cantilevers were fabrightend characterized. Actuation has been perfornséthu
AIN piezoelectric thin films. These devices areqassed using standard MEMS micro-fabrication tegies®.
Figure 3a shows a SEM picture of NCD/Cr/AIN/Cr dkavier resonator characterized in vacuum conditions
using impedance measurement. As shown in figurei@zpelectric actuation has been successfullyezeki.
The quality factor varies between 1000 to 3000u&tke cantilever length and the resonant mode aumb
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FIGURE 3. (a) SEM picture of NCD/AIN cantilever, (lmpedance spectra of a 320um long and 70um widéNIID
cantilever at the first and second resonant modes.

4-CONCLUSIONS

In this paper, we have briefly described in thetfpgart the growth techniques of cBN and diamotnl th
films. In the second part, we have presented tHiferent applications based on the exceptionapertes of
these wide band gap materials: UV detectors farsmbservation, high frequency mechanical resosaod a
microcantilever. These photodetectors present meie low dark current, high breakdown voltage, high
responsivity and stability under X-UV irradiatioie have shown that FPAR mechanical resonator, piegea
high electromechanical coupling coefficient, candasign for high frequency filtering. Diamond/AlINiaro-
cantilevers present high quality factor in vacudihese types of devices are expected to be excgllatibrm
for sensor applications.
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