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Diamond films were grown on silicon by microwave chemical-vapor deposition using,a BH

gas mixture. The crystalline quality of the films was assessed through dhgérticle detection
performance, a property highly sensitive to film quality, by using a 5.5 M&Xm source. A
maximum collection efficiencyn of 70%, 50% being the average value, was obtained in a
115-um-thick sample afteB-particle irradiation(*“priming effect” ). Unprimed efficiencyp=50%
maximum, 30% average, was also obtained on other samples. The dependence of the efficiency and
the resolving power on the external electric field was studied as well. The results are interpreted by
means of a Monte Carlo analysis of theparticle detection process. It is concluded that, in the
priming process, a saturation occurs of deep defects limiting the as-grown detector performance, and
charge collection distance is only limited by grain boundaries located close to the substrate side.
Therefore, there is indication that further improvement can be reasonably obtained by increasing
film thickness. ©1999 American Institute of PhysidsS0003-695(99)02846-4

Synthetic diamond films grown by chemical-vapor depo-holes, ancE is the applied electric field. The efficiency is the
sition (CVD) have a great potential for applications in sev-ratio of the collected charg®. to the total charg&), gen-
eral fields, due to the manynechanical, optical, electronic, erated by the ionizing particle
etc) exceptional properties of diamoid. However, their —0./ 5
polycrystalline nature and the relatively high concentration 7=Qc/Qo- @
of structural defects still represent a severe limitation forThe link betweeny and 6 can be deduced from the Hecht
many applications. This is why the performance of severatheory!
diamond-based devices currently under investigatioris 5 5
strongly influenced by the growth and operating conditions. n=—|1— —=(1—e 26/%)(1+e2(G-L1%) | (3

A particularly important and high-quality demanding ap- L 4G
plication of diamond films is nuclear particle detectfoh. G being the penetration depth in of the particles to be
The high-energy gap of diamond results in a very low num-detectedfor Eq. (3) we assumegl,= uy, in Eq. 1 and uni-
ber of free carriers, leading to extremely low-leakage curform generation of charge ov&]. The lifetimer, and there-
rents. Moreover, the radiation hardness and the highfore § and«, are limited by the presence of trapping defects
temperature operation capability of such devices is stronglyimpurities and/or grain boundarjesso that the collection
increased with respect to silicon-based detectors, a crucigfficiency is strongly correlated with crystal quality.
feature in view of the operation of next-generation particle  |n CVD diamond particle detectors a crucial role is
accelerator$. played by their thickness. Due to the columnar nature of

The main parameters assessing the quality of CVD diacvD diamond growth, the crystal quality is much worse
mond films to be used as particle detectors are the charggose to the substrate interface than at the growth surface. In
collection distancéCCD) and the efficiency, defined as fol- particular, the CCD has been found to increase with film
lows. When an electron—hole pair is created by an ionizinghickness>*®* CCDs up to about 250um have been
particle in a parallel-plate detector of thickne®., elec-  reported* in millimeter-thick synthetic diamondfter re-
trode spacingL, it induce$:*°in the external circuit a charge movingabout half of the sample thickness from the poor-
dc=ex/L, x being the total distance the electron and holequality substrate side. This result was obtained Rgr 8
move apart. The CCD is the average drift distance and iparticles and in the so-called “primed” state of the detectors

given by (i.e., an improved response condition obtaineddparticle
priming irradiation to fill traps Nevertheless, it should be
6= (et mn) 7E, (D) pointed out that this very high CCD corresponds to a charge

- collection efficiencyn=20% only and is, furthermorenuch
where we, pp, are the electron and hole mobilities, respec-jqer than the film thickness, lthus indicating a relatively
tively, 7 is the mobility weighted lifetime of electrons and |initeq extension in depth of the defect-free surface layer.
Similarly, 2**Am a-particle spectra of CVD diamond detec-
dElectronic mail: milani@ing.uniroma?2.it tors also showed relatively low values gf*°
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FIG. 1. a-particle response spectra of the detector in the prithébfigure)
and unprimedinse) state. The collected charge is normalized by the gen- . . .
erated charge to give the efficienay =40 kV/cm. The horizontal scale, i.e., tlig, value in Eq.

(2), is obtained through calibration with a 100% efficiency
, , i i silicon detector. It can be seen that the response extends up
_ In this letter, we report on high-quality CVD diamond 1, 5 maximum efficiency of about 70%, with a very high-
films and their application as particle detectors with approXi-yyerage value of about 50%. It must be stressed that the

mately 70% maximum collectiqn efficiency and averagenickness of our sample is relatively lo@15 xm) and that
value(7)=50%: the corresponding CCD values go beyondi,e \hole sample has been utilized, without removing the

the film thicknesgabout 250 and 12pm, respectively, inan |o\yer.quality layer close to the substrate. The results, there-
115um-thick samplgand are obtainedithoutany removal 46 indicate that efficiencies very close to 100% might be
of diamond from the substrate sid®ote that, by assump- chieved in CVD diamond detectors with a careful control of
tion, electron and hole mean-free paths are 1/2 the CCly e deposition process, thus strongly reducing the perfor-
values) The dependence of the collection efficiency and of ance gap with silicon-based devices. The reported maxi-

the resolving power on the external electric field was alsqnym and average efficiencies correspdiit. (3)] to &
studied. In addition, evidence is presented from Monte Carla= 250 ,;m andé=120 um, respectively. In other samples of

simulations strongly supporting some current assumptions ofyer thickness the unprimed efficiency reachge 50%

the priming mechanism. o _ maximum, with 30% average value, corresponding dto
CVD diamond films were deposited in a microwave tu- — 27 ;m ands= 13 um, respectively in a 35m-thick film.
bular reactor on silicon substratés.” A 1% CH,—H, gas We also checked that all the particles are actually

mixture was used during the deposition process, while th@jetected. To this purpose, tREAm a source used was ab-
substrate temperature was fixedTgt=750°C. A 0.7um/h  sojutely calibrated and the expected count rate was deter-
growth rate was estimated through a cross-section scanningined by means of a Monte Carlo calculation of the solid-
electron microscope image of the films. Careful optimizationangle factor for the source-to-detector geometry used. It was
of both the reactor geometry and the plasma energy densifyund that all thea: particles which reach the detector are
was necessary before the achievement of the best results. counted in the peak area.

Diamond-based detector prototypes were then built from |t js well known that the response of particle detectors
the above samples. As the top electrode, a circular Au conincreases with the applied electric field. However, the in-
tact about 7 mrh size and 100 nm thick was thermally crease in collection efficiency is accompanied by a widening
evaporated on the sample growth surface, while Ag pastef the peak, so that higher applied electric fields do not nec-
was used as the silicon backing contact. The detector resssarily lead to better resolved spectra. In Fig. 2 we report
sponse to 5.5 Me\t particles was studied by using&Am  the field dependence of bothy) and the ratioR=W/( )
source. The irradiation was carried out through a pinhole, irbetween the full width at half maximuWHM) W and the
the direction normal to the sample surface. The detector ouimean valug ) of the response peak, showing that although
put was connected through a charge preamplifier and a shapy) is, as expected, monotonically increasing with fieRd,
ing amplifier with a 2us shaping time to a multichannel substantially levels off for fields higher than about 20 kV/
analyzer. cm.

It is well known* that CVD diamond detectors must be In view of the fundamental importance of the priming
preirradiated with ionizing radiatiofe.g., 8 particleg in or-  effect in the realization of high-efficiency CVD diamond
der to achieve the highest detection efficiencies. This primparticle detectors, we also tried to get some insight on some
ing effect is qualitatively explained through a neutralizationcurrent assumptions on the priming mechanism in terms of
of trapping defects by irradiation. Before measuring effi-deactivation of deep traps in the diamond gap. One sees from
ciency with « particles, we therefore, irradiated our films the a-particle response curves of our film reported in Fig. 1,
with °°Sr B particles for 60 h. in both the primed and unprime@hse state, that priming

Figure 1 shows ther-particle detection efficiency of our changes not only the position of the peak, but alsaslizpe

sample in the primed state for an apJ)Iied electric field from a right-asymmetric(positive skewnegsto a left-
Downloaded 28 Jan 2010 to 160.80.91.68. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



3218 Appl. Phys. Lett., Vol. 75, No. 20, 15 November 1999 Marinelli et al.

2500 y T T T y T y In conclusion, we have shown that very high-particle
detection efficiencies can be reached in high-quality CVD
2000 J diamond films, the priming effect being essential to improve
performance. In-grain defects are not limiting the response of
our primed films. The efficiency is only limited by grain
® 1500 F i boundaries close to the diamond-silicon interface, reaching
S 0 10 20 30 1 values compatible with charge carrier mean-free paths close
8 1000 | . to the surface—interface distance; thus, charge collection dis-

] tances appear subject to further improvement by increasing
500 k | film thickness and/or removing the substrate interface layer.
These results are supported by Monte Carlo simulations giv-
ing quantitative account of the transition observed from posi-
% 20 20 o =0 tive to negative skewness in the response curves during the
0 (%) priming process.

FIG. 3. Monte Carlo simulation of the-particle response curves of our The authors thank PrOfes_Sor M'_ ,C_:mllo f(,)r allowing
detector in the primedfull figure) and unprimedinse) state. them to use the contact deposition facilities of his laboratory.
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