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Abstract

The transport properties in synthetic diamond are studied using high quality diamond films grown by microwave plasma
enhanced chemical vapor depositic@VD). In particular, electron and hole contributions to the diamond carrier dynamics are
successfully separated and defect distribution inside specimens is obtained. This is achieved through a systematic investigation of
the signals obtained from properly biased diamonds irradiated with differently penetrating nuclear particles. To this'purpose C
ions produced by the 15 MV Tandem accelerator of the Southern National Laboratories of INFN in Chgdylaare used as a
probe. The ion beam energy is varied in the 22—91 MeV rampmetration depth from 10.em to the thickness of the used
samples, deposited energies from 22 to 62 MeV and mean energy densities from 0.8 to 2j1.rMe¥spectively. The sample
responses are studied as a function of the C energy and penetration depth, both in the positive and negative bias polarization.
The experimental results clearly show that, when the detector is previously driven in the so-called pumped®$tate-psrtiSe
irradiation, a different behavior of signals is observed in the positive and negative polarization states. The data are analysed in
the framework of a properly modified Hecht model were the different behavior of carriers and influence of the variation in the
ionization density along the path of the incident particles are considered. As a novelty the inhomogeneous distribution of defects
is taken into account. By fitting the experimental curves with the model, a quantitative estimate of the defects distribution and of
the correlated mean drift distance for electron and holes can be obtained. A good agreement is observed, thus allowing a better
understanding of the diamond growth.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction As far as the feasibility of a diamond-based high
energy particle detector is concerned, two main proper-

Diamond was shown to be a suitable material for ties are of interest, namely the average charge collection

applications in high energy particle detectitij due to distanced and the detector efficiencyy, defined as

its striking electronic properties, such as a high carrier follows. An ionizing particle impinging on a parallel

mobility, wide band-gap, good radiation hardness and plate detector of thicknes€, creates a number of

very high breakdown voltage. Recently very high quality electron—hole pairs. As a consequence, in the presence

diamond films could be deposited by microwave plasma of an external applied filed, a charge is induced per

enhanced chemical vapor depositid€VD), whose each pair in the electric circuig.=ex/L, x being the

properties result to be even better than in natural singletotal distance the electron and hole move apaft The

crystal diamond with respect to several applications. average charge collection distance is then:

However, the polycrystalline nature of CVD diamond

and the presence in it of a high concentration of

crystallographic defects still constitute a severe limita- © =XetAn=(R & et 1 7 JE D

tion to most of the technological applicatiotd.
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Q. and the total charge generated by the incident from the growth surface, and energies from 1 to 5.5

ionizing particleQy: MeV. An interesting feature that was observed is the
asymmetric behavior when the sample is driven in the
M=0./Qo (2 two different bias polarities: the efficiency for positive

bias is greater then for the negative one. This behavior
is well explained assuming that the mean drift distance
for holes is much greater than for electrong> \..
Precisely, being the penetration depth of thearticles
much lower than the thickness of the sample, the carriers
are generated in the region near the growth surface.

If we assume different drift mean path for the two
carriers and constant distribution for the ionizing particle
from O to the penetration depth, we obtain the simplest
extension of the Hecht formulig]:

= Aet Then, for positive bias the holes can travel for most of
L the sample generating an high sigifale define ‘posi-

NS(1—e~ )+ N (e LD Mn—e =L/ tive’ the voltage supply when the growth side of the

- LG 3 diamond, normally that with less defects, is driven by
positive voltage, ‘negative’ the reverse gn€or nega-

where a uniform electric field is assumed. tive bias the drift distance of holes is limited by the

Measurements withx-particles from2** Am showed €lectrode contact. The corresponding electrode contact

in the pumped state a different behavior of electrons limitation for electrons, in case of positive bias, is
and holes[5]. However that experiment was not sensi- smaller due to their lower mean drift distance.

tive to the variation of ionization densit{the Bragg Because the maximum penetration depth of the
function) and to the spatial defect distribution. In this particles is much lower than the thickness of the sample,
paper we perform new measurements ué?ng Cenergetidt seemed worthwhile to perform new measurements
beams from the 15 MV Tandem accelerator of the using as probé* C beam in order to allow a large range
Southern National LaboratorieéLNS) of INFN in of the penetration depth inside the diamond detector.
Catania(ltaly) to investigate in detail the behavior of ~ For the tests under ion bombardment'a C beam
CVD diamond films in different respect®® C ions seem Produced at the Tandem accelerator of the INFN Catania
very suitable for this investigation due to the possibility Laboratories was used. The energy'df C particles was
of varying penetration depths and ionization density varied in steps between 22.0 and 91.2 MeV. The inten-
within large limits (which is impossible to do withx- sity of the beam varied between 2 and 10 pfthat is
particled, allowing to give insight on the spatial defect between 1.2510'° and 6.25%10'° particlegs). The
distribution. We report here preliminary results of this beam impinged onto a gold target 1%@/cn? thick
new approach, based on measurements on a limiteg@nd the diamonds detected the particles scattered at
number of samples. In spite of this limitation, significant angles 10 or 20 The detectors were approximately 50
features of the defect distribution are already brought m thick, so that C particles of energy higher than 60

into light. MeV penetrated along the whole thickness loosing only
part of their energy, while particles with lower energies
2. Experimental lost all the energy, but penetrated only part of the

thickness.!? C penetration depths varied from 1@rk
Detector grade CVD diamond films were grown on to the thickness of the used samples, deposited energies
single crystal(1 0 0) p-type silicon substrates using a from 22 to 62 MeV and mean ionization energy densities
CH,—H, gas mixture in a tubular reactor properly from 0.8 to 2.1 MeVum, respectively. Tests were
modified to improve the crystal qualit}6]. The usual performed for positive and negative polarization of
scratching procedure was adopted to promote nucleationdiamonds. The absolute value of the voltage was such
The CH, content in the gas fed and the substrateto produce a fieldE=1 V/um=10 kV/cm.
temperature during the deposition process were fixed to During all the tests the pulses produced in the dia-
1% and 750°C, respectively, so that a growth rate of monds were amplified by conventional analogic meth-
approximately 0.7um/h was obtained. Two detectors ods, digitalized through ADC’s and stored.
(labeled as D1 and D2were obtained by depositing
Au contacts 7 mrh wide and 100 nm thick on two 3. Results and discussion
different diamond samples deposited in two different
growth reactors. Both D1 and D2 a5 pm thick. A We refer here about the new measurements uttdder C
60 h irradiation withg-particles from &° Sr source was bombardment on two diamond detectors. Figs. 1 and 2
made as the standard procedure to drive the detectors ishow the efficiencyn (Eq. (2)) for D1 and D2,
the fully pumped state. respectively, as a function of tHé C energy. The beam
In the previous experiments witk-particles[5], the impinged on the growth side in all cases. As we can
penetration depth varied from 1.7 up to 13.m, starting see, all diamonds under test show similar trends for the
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Fig. 1. Efficiency in charge collection of D1 bombarded with C at Fig. 2. As in Fig. 1 for D2; constants were,=3.3/um, ap=
various energies. The penetration depths'®df C particles are also0.13/um, b=2.86/um andc=8 um.

shown. See text for the explanation of the theoretical curves. The

constants in the distribution of defects for the computation of full-

length curve werea.=1.25pum, a,=0.03/um, b=0.03¢/pm and ) . .
¢=37 um. ducing the well known property that grain-boundaries

defect density increases as one approaches the film—
substrate interface: an exponential function was utilized.

efficiency, but D2 shows a lower efficiency than D1 at 1y the overall spatial distribution of defects was:

all beam energies.
The first calculations of the efficiencies done with the
S|mp_le model(Eq. (3)) are reporteq as d_otted line in gan(X) =dan+be /¢ (4)
the figures. As we can see, these lines fit well the data
for the D1, especially at negative voltage, but the fit is
not good for the low efficiency D2. Then we modified gjtferent of course for holes and electrons. In Ed)
the above model, that assumed a constant distributionine y-axis goes along the direction of the particle beam,
of ionizing density, by using the Bragg function, as from the nucleation surface of the diamond to the
calculated by a standard nuclear phySiCS simulation growing one. Eq(4) brings to a variation of the Charge
program. The dashed lines in Figs. 1 and 2 refer to the collection lengths. Introducing these corrections into the
model with the Bragg distribution. With this assumption model through the natural convolutions of E®), we
it is possible to reproduce the curve-crossing at moder-gbtained the solid lines reported in the figures.
ately high energy because in this energy range the The values ofae, an, b and ¢ used for the two
charge is mostly generated near the interface. At higherdiamonds are reported in Table 1.
energies the'? C particles cross the sample and the As we can see, D1 shows a defect distribution
released energy tends to be uniform and the detectoressentially uniform and the response of the detector is
response becomes the same for positive and negativenostly limited only by the in-grain defects. In the other
bias. case, defects appear mostly concentrated near the nucle-
As shown in Fig. 2, the introduction of the Bragg ation surface, showing the importance of a fine control
distribution does not allow to reproduce the behavior at of the reactor during the growth of the first few microns
low energy for the lower quality sample. At this point of carbon deposition.
it seemed necessary to introduce the variations of the
collection lengths. This can be made with the assumption
that defects limiting the collection efficiency can be Taple 1
separated into in-grain defects and grain boundaries

effect [7]. The in-grain defects, different for electrons D1 D2
and holes, are supposed uniform through the films 4, (1/pum) 1.25 3.3
thickness. The grain-boundaries effect is supposed to be (1/um) 0.03 0.13
the same for both carriers. As for the spatial distribution, ’; gi{n”)m) 3‘;'036 5-86

a work hypothesis was made, following RET], repro-
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4. Conclusions improvements in careful engineering of the first stages
of diamond growth.
Measurements with?> C ions produced by Tandem of
LNS, Catania, allow a large range of the penetration References
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