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Experimental determination of electron and hole mean drift distance:
Application to chemical vapor deposition diamond
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A simple technique for measuring the electron and hole mean drift distance in chemical vapor
deposition polycrystalline diamond in the as-grown and in the so-calledpedstate obtained by

905y p-particle irradiation is presented. To this purpose, the efficiepofa diamond-based particle
detector was measured using a 5.5-M&W¥Am a-particle source. In particular, two different
experimental setups were specifically designed and realized in order to perform a systematic study
of the device efficiency as a function of tleparticle penetration depth, both in the positive and
negative bias polarization. In the first setup, air is used as an absorbing layer in order to change the
energy of the impingingr particles, while in the second one, the measurements were performed in
vacuum and the incidence angle was varied in the 0°-80° range. The advantages of the latter setup
are evidenced. The theoretical formula for the mean drift distances of carriers is derived using a
properly modified Hecht model, and fitted to the data, allowing a separate evaluation of the charge
collection distances of each carrier typ® € ue7eE and \,= u,7,E). The obtained results
unambiguously show that the pumping process is much more effective on hole condugtiemg

much greater than, in the pumped state. @003 American Institute of Physics.

[DOI: 10.1063/1.1586475

Chemical vapor depositiofiCVD) diamond has been pending on bias polarijygradually decreases as the penetra-
shown to be a suitable material for a great number of techtion depth is reduced.
nological applications, such as particle and UV radiation A crucial point of this work was the design and realiza-
detectors;*and even more so if it is driven in the so-called tion of a suitable experimental procedure in order to care-
pumpedstate by ionizing irradiation, which is known to dras- fully control the a-particle penetration depth in the CVD
tically improve the transport properties of synthetic diamond. For this purpose, two different approaches are pro-
diamond®® However, despite the large diffusion of the pro- pc_)seq and d_iscuss_ed. In afirst expe_riment, an absorbing layer
cedure, few authors have carefully studied the physicaYV'th increasing thickness is used in order to progressively

grounds of the pumping process in order to discriminate it edu-ce the energy of the |mp|ng|mgpart|cle. 1_'h|s was done
effect on electron and hole propagation in the detectio y simply measuring ther spectra in air, at different source-

procesg 12 so that very little is known to date about the to-sample distances. The residual energy released in the

contribution of each carrier type to the transport mechanis sample by thax particles, and hence the values of the pen-
. P P Ttration depthG, were estimated using a standard nuclear
in the as-grown and pumped states.

: ) (ﬁlhysics simulation progranisriM). In the second experi-
The aim of the present work is to carefully separaté anqgna| setup, the sample is mounted inside a vacuum cham-

gvaluate the c.harge collgction distancel of electrons and holggyy on a rotating holder in such a way that the incidence
in polycrystalline CVD diamond, both in the as-grown and angle 6 of the a-particle can be varied in a 0°~90° range
pumped states, thus giving a better insight on the transpoith respect to the sample surface. Of course, in this @ase,
properties of such material. To this purpose, a Li#@-thick s reduced by a factor caswith respect to the normal inci-
film was grown in our labs by microwave plasma chemicaldence valueG,=13.54um.

vapor deposition and a particle detector was realized and The efficiency of the diamond-based device is then mea-
tested with a ?*’Am a-particle source, as described sured using these techniques both in the as-grown and
elsewheré? The mean drift distance of each carrier type canpumped states and under positive and negative bias polariza-
be separately obtained by systematically studying the effition. All the measurements were done using a lsW/ap-
ciency 7 of the device as a function of the incident particle plied electric field. Typicala spectra measured on our
penetration depthG, and by analyzing the experimental samples are reported in Refs. 7 and 13. The obtained results
curves in the framework of a properly modified Hechtare summarized in Figs. 1 and 2 for air and tilt measure-

model. Indeed, the contribution of one type of carride- ments, respectively. The highest penetration depth value in
Fig. 1 is obtained by measuring the sample efficiency in

vacuum, both in the as-grown and pumped states.
dElectronic mail: gianluca.verona.rinati@uniroma2.it It is evident that very similar behavior of the efficiency
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FIG. 1. Efficiency curves as a function of the penetration deépttor air FIG. 2. Efficiency curves as a function of the penetration deptfor tilt
measurements in positiiequarg and negativecircle) bias polarity;(a) in measurements in positiiequarg and negativecircle) bias polarity;(a) in
the pumped state ar() in the as-grown state. Solid lines are the fit curves. the pumped state ar{d) in the as-grown state. Solid lines are the fit curves.

curves was observed in both cases. Nevertheless, as far @hereu, is the electron mobilityy, is the electron lifetime,
Fig. 1 is concerned, the higher the samplextparticle  andE the electric field. A similar formula holds for holes.
source distance, the lower the energy released in the samplEhe calculated results for electrons and holes drifting in a
As a consequence, the measured spectrum is shifted to tip@sitively biased detector whose thicknes®igire
lower-energy side and the signal-to-noise ratio decreases sig-
nificantly. This effect is evident in Fig. 1, where the error  le(X)=Xe(1—€7e); 1,(x)=\p(1—eP7n). (2)
bars become increasingly higher at low penetration depth,
making measurements eventually impossible at low values Oéal
G, especially in the as-grown state. In the tilt measurement
(Fig. 2), the total energy released by the impinging particle
stays constant for all thé values, so that both the shape and
the peak position of the spectra are not greatly affected by
the tilting procedure. This is why, in this case, lower penetra-
tion depth regions can be reached with approximately con- LetLy
stant error bars on the efficiency measurements. 7= "p - 3
Let us discuss now the obtained results from the trans-
port mechanism point of view. For this purpose, a modifiedSince the Bragg energy distributiar{x) associated with an
Hecht model is derived for a homogeneous parallel plater particle is approximated well by the exponential function
detector with blocking contacts. We assume that the detectar(x)=A+B-e¥C with a cutoff at the penetration dept,
is positively biased when a positive voltage is applied to thethe efficiency for positive polarization is as follows:
growth surfacdtop electrodg The mean drift distanck(x)

The average drift distances over the whole detector are
culated by averaging over all the generated electron—hole
airs, using the energy densityx) associated with the im-
pinging particles:lLe=(le)yx) andLy=(ln)y - Le @andLy
are not directly experimentally accessible, but are correlated
to the efficiencys of the detector by

of an electron generated at a distancéom the top elec- 7= NetAn 1
trode of a positively biased detector is D D[AG+BC(e®C—1)]
[%sP(s)ds+ X[ P(s)ds BC ellCm1heC 7
le(x)= } , (1) 159 1o
JoP(s)ds e
(LIC+1Mp)G _
whereP(s)=e ¢ is the probability for an electron to drift +\pe P € S +A[—\Z(e CMe—1)
for a distances [which cannot exceed the distancéom the 1+C/Ny

(4)

is the charge collection distance associated with the electron, +\2e Prn(efMn—1

electrode, hence Eql)] in an infinite material\ o= pe7E
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TABLE |. Transformations of the parametefs B, C, and G, relative to  their experimental reliability. These charge collection dis-
translations and compressions @(x). Ao, By, Co, and G values are  tanceg are intrinsic properties of the material used and de-
calculated for normal incident 5.5-Me¥ particles. . . . .

scribe well the contribution to the transport mechanism due

Normal incidence Translation Compression to each carrier type. From our data, it is evident that the
(vacuum (air) (tilt) pumping process is confirmed to be much more effective on
A Ay=267.7 keVum Ay AyGo /G hole conduction,\, being much greater than, in the
B Bo=11.17 keVjum B, e(Go=8)/Co BoGo/G pumped staté.
C Co=3.45um Co CoG/Gy In conclusion, electron and hole mean drift distance in
G Gp=13.54um G G CVD polycrystalline diamond were carefully studied in the

as-grown and the so-callggimpedstate. Two different ex-
perimental setups were specifically designed and realized.
Obviously, in the case of a negatively polarized detector, thd he tilt method was more accurate than the air measurement,
roles of electrons and holes are interchanged. Equatipn and allowed the device characterization in a wider range of
reduces to the usual Hecht formula whe(x) is constant penetration depths. Electron and hole contributions to the
(B=0 andG=D) and\o=\,. conduction mechanism were successfully separated and
In order to analyze the efficiency curves reported in Figsevaluated by fitting the efficiency curves, obtained in both
1 and 2, a few additional considerations have to be madelevice polarizations, in the as-grown and pumped states,
The energy distributionu(x) is strongly dependent on the with a properly modified Hecht model. As a result, the
geometry of the adopted experimental setup. In the standaifeimping process is confirmed to be much more effective on
case(normal incidence in vacuurthe parameterd=A,, hole conduction,\, being much greater tham. in the
B=B,, C=C,, andG=G, were calculated by fitting the pumped state. Work is in progress to test such experimental
SrRIM simulated Bragg energy distribution with the function determinations of the physical transport properties of CVD
u(x) (see Table)l On the other hand, when theparticle ~ diamond with much more penetrating ionization sources,
penetration depth is changed either by an air absorbing lay&uch as high energy ions.
or bY _a tiiting procedure, the functlau(x) must b,e properly . L.S.Pan, S. Han, D. R. Kania, S. Zhao, K. K. Gan, H. Kagan, R. Kass, R.
modified. In the former case, a cutoff is to be introduced in \aichow, F. Morrow, W. F. Palmer, C. Wite, S. K. Kim, E. Sannes, S.
the low-energy side afi(x) corresponding to an axis shift of ~ Schnetzer, R. Stone, G. B. Thomson, Y. Sugimoto, A. Fry, S. Kanda, S.
Go— G, whereG is the new penetration depth. In the latter Olsen, M. Franklin, J. W. Ager Ill, and P. Pianeta, J. Appl. Pi#.1086
case,G =G cosg, so that theX axis IS compressed by a 2F, Bor.chelt, W. Dulinski, K. K. Gan, S. Han, J. Hassard, A. Howard, H.
factor cosf. The corresponding transformations of the geo- kagan, D. R. Kania, R. Kass, G. Lu, E. Nygard, L. S. Pan, S. Schnetzer,
metrical parameteré, B, C, andG are also summarized in  R. Stone, J. Straver, R. J. Tesarek, W. Trischuk, P. Weilhammer, C. White,
Table I. R. L. Woodin, and S. Zhao, Nucl. Instrum. Methods Phys. Re354 318
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