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Pulse shape analysis of diamond particle detectors
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An analysis of the time evolution of the response of diamond particle detectors is carried out, using as a
probe 5.5 MeVa particles impinging on high-quality diamond films grown by microwave chemical vapor
deposition(CVD). Both the amplitude and the time evolution of the pulses are shown to change drastically
when the detector is preirradiated wighparticles(pumping, a slow component developing after pumping,
indicating carriers trapping and releasi@gtrapping. Pulse shapes obtained for positive and negative detector
polarities are compared in both the as-grown and pumped states. The presence of at least two trapping centers
for holes is necessary to explain the results, the shallower having an activation energy of about 0.3 eV. The
effects of pumping are clarified, and the different role played by electrons and holes is evidenced. We modify
a previous model for trapping-detrapping behavior originally applied ¢bi Sdetectors to describe the more
complex behavior of CVD diamond detectors, and develop a computer simulation based on it. The simulated
pulse shapes agree very well with experiment with reasonable values of the physical parameters involved,
making this technique helpful for studying and identifying defects which are responsible for limitation of
the efficiency of CVD diamond particle detectors. Field-assisted detrapping seems to take place for fields of
about 16 V/cm.
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[. INTRODUCTION complexity of CVD diamond, very little is known nowadays
on this subject.

With the next generation particle accelerators, the conven- An interesting feature is the primin@r pumping effect,
tional silicon-based particle detectors will not be able to suswhich is widely used to increase CVD diamond detector per-
tain the high projected particle fluxes without rapid deterio-formance. It consists of a preirradiation of the CVD diamond
ration. Possible alternatives are “hardening” treatments ofdetector by ionizing radiation. The increased efficiency is
silicon or the use of new materials, among which diamondelieved to be due to a saturation of deep traps. In spite of
shows extremely high radiation hardnéds addition, dia- the importance of this effect, only a few authors studied the
mond presents interesting electronic propeftissch as high  relationship between pumping and the microscopic structure
carrier mobility, a high energy gap resulting in a very low of CVD diamond*~®
number of free carriers, and a very high breakdown field, The performance of diamond particle detectors and the
thus in principle making low noise, fast diamond basedeffects of pumping are generally described through the
detectors feasible. charge collection distance and the efficiency, which we de-

Because of its cost, moderate size, and lack of standardine below. In a standard experimental setup in which a par-
ization natural diamond is not suitable for such an applicaallel plate detector of thicknesse., electrode spacingl is
tion. High-pressure synthesized diamond detectors with exdsed, each electron-hole pair created by an ionizing particle
cellent properties have been reali2éuit mainly because of induceé® in the external circuit a chargs.=ex/d,x being
size problems most of the research in this field is focused othe total distance that the electron and hole move apart under
nuclear detectors based on synthetic diamond films grown bthe action of the applied electric field before either reaching
chemical vapor depositiofCVD), whose performances are the electrode or being trapped, ardeing the electronic
studied in many research institutes, commercial diamon@harge. The amplitude of the voltage pulse measured by the
producers, and particle accelerators plafgse, e.g., the external circuit is proportional to the total collected charge
RD42 activity at CERN! Q. (i.e., the sum ofy. over all electron-hole pairs produced

Efficient particle detection requires high drift lengths of by the ionizing particleand the time evolution of the pulse
the carriers produced by the ionizing particle and is thereforelepends on carriers’ dynamics. The ratio
highly sensitive to film quality. Therefore a severe limitation
for this as well as for many other applications of diamond is 7=0Q.:/Qq (1)
the presence of defects and the polycrystalline nature of
CVD diamond films. It is important both to realize high qual- betweenQ. and the total charg®, generated by the ioniz-
ity diamond films and to understand the role of defects andng particle in the detector is the detector’s efficiency.
grain boundaries in the detection mechanism. Due to th€learly, » depends on the average drift distance
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160 ' ' ) T ] A deep insight on the dynamics of charges generated in
1ol o particle the detector can be obtained from the time development of
i single pulses. Zanicet al'* and Martini and McMattf

120 - E‘i\' . showed how this time behavior changes when detrapping
100 | and/or trapping events occur in the detector, and applied this

£ sol analysis to conventional Si detectors. In this paper we
§ » present the time evolution of charge pulses in detector grade
601 CVD diamond films and, by extending the approach of Mar-
40+ tini and McMath to describe the more complex behavior of
20l CVvD diamond detectors, succeeded in describing the
trapping-detrapping processes taking place in CVD diamond,

00 20 4'0 T80 80 uncovering the different role played by electrons and holes.

n (%) The effects of pumping are especially investigated. A com-
puter simulation based on this model is shown to agree well
FIG. 1. Typicala-particle collection spectrum of our films in the with the experimental data, thus allowing the extraction of

pumped state. Inset: geometry of the parallel-plate detector. quantitative information. Since the dynamics of carriers gen-
erated in the detector are determined by the presence of traps
0= (pet un) 7E, (2)  and defects, this technique is not just a method to character-

where u,,up, are the electron and hole mobilities respec-ize diamond nuclear detectors, rather it is a powerful tool
tively, 7 is the mobility weighted lifetime of electrons and that can be usefully applied to any kind of CVD diamond
holes, ancE is the applied electric field. The average drift film to extract information on the identity of defects existing

distances is also referred to as the charge collection distancd? CVD diamond.
(CCD).

The statistical Q|strlbqtlon of .thg _amplltudes of the pulses Il EXPERIMENT
generated by the incoming radiatidire., the charge collec-
tion spectrum; see Fig. 1 for a typical spectrum of our detec- Several detector grade CVD diamond films have been de-
tors in the pumped statés the preferred tool to analyze the posited on silicon substrafés*in a microwave tubular re-
behavior of particle detectors, showing both the amplitude ofctor, suitably modified to improve film qualityA conven-
the response to particle irradiatiofthat is, the induced tional scratching procedure was adopted in order to promote
charge and therefore the detector’s efficiency and C&ml  diamond nucleation on Si surface. The gas mixture used is
the inhomogeneity of the respong@bat is the energy resolu- 1% CH, in H,, resulting in a growth rate of about Ogim/h
tion). However, apart from these performance parametersyt the deposition temperature of 750 °C. Film thickness var-
limited information on the physical process leading to par-ied from about 20um to about 100um, depending on the
ticle detection can be obtained from the charge collectiordeposition time, and was measured with a digital thickness
spectrum. Recentlya model discussing the role of in-grain meter. The films showed excellent crystal quality, with very
defects and grain boundaries in determining the response ofrrow diamond Raman pea®VHM about 2.4 cmt) and
detector grade CVD diamond films has been proposed whichxtremely low photoluminescence backgrodnd.
relates the change in the shape of the charge collection spec- Particle detectors were then realized by thermally evapo-
trum before and after pumping to the distribution of defectsrating a circular Au contact about 5 mirm size and 100 nm
Soon after, this model was found to be able to quantitatively thick as the top electrode, while Ag paste was used as the
explain the dependence of efficiency and CCD on the thicksilicon backing contact. The detector response to 5.5 MeV
ness of CVD diamond detectors in the as-grown and pumpeparticles, having a penetration depth of aboutudb in dia-
states, taking into account the polycrystalline nature of CVDmond, was studied usingf*Am source. The irradiation was
diamond and its columnar growth. carried out through a pinhole, in the normal direction to the

An interesting technique which has been used by severalample surface. To measure the charge collection spectra the
authors to collect information on the efficiency and CCDdetector output has been connected, through a charge pre-
of diamond samples is ion beam induced chai@C). In  amplifier and a shaping amplifier with a;& shaping time,
IBIC a beam of ions(typically protons is focused in a to a multichannel analyzer.
micrometer-size spot on the surface of a diamond detector, The charge collection spectra of the detectors were mea-
so that information on the local efficiency and CCD of the sured both in the as-grown state and after preirradiation with
sample can be extracted. The detector area is then scann&$r 3 particles for about 60 k3 krad total dosg necessary
to obtain a two-dimensional2D) map of the geometrical to drive the film in a fully pumped state. A typical charge
distribution of efficiency and CCD over the detector’s area.collection spectrum of our samples is reported in Fig. 1. This
With this technique it has been shown that the responsparticular film is 100um thick, as coming from a deposition
of CVD diamond detectors is inhomogenedtfsand that time of about 150 h, is in the pumped state, and the applied
pumping increases the efficiency of “bad” regiohdl- voltage is 100 V. The average efficiency is about 4@&the
though very powerful, thanks to its spatial resolution, thecompared to the as-grown value of 9%orresponding to an
IBIC technique provides limited information concerning car- average CCD of about 8am. Maximum values are about
rier dynamics. 65% and 185um, respectively. These high values reflect the
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high film quality. In all cases the whole film has been utilized of
to build the detector, i.e., without removing the low quality '
layer close to the substrate interface, a procedure normally
used to increase the detector performagse®, e.g., Ref.)1 Al
Since a particles are irradiated on the growth surface and
their penetration depth is about 1&n, this does not signifi-
cantly reduce efficiency in thick films.

All the pulse time shapes have been measured on our
samples using a fast digital oscilloscope, and have been cor-
rected for the 3.2us decay time of the electronics as dis- 3

cussed below. 0 200 400 600 800 1000

t (ns)

V (mV)

IIl. TRAPPING-DETRAPPING MODEL

M . he sh fth . f CdT, FIG. 2. Time evolution of the pulses measured in the as-grown
easuring the shape of the transient response o §tate on the same film whose spectrum is reported in Fig. 1. The

. . ll . . .
particle detectors Zaniet al. found that it is influenced by = 55jieq electric field is 10 kv/em, with negative polarity. The con-

the presence of carriers trapping and rele@strapping by tinyous line is a fit of one of the pulses by an exponential with a 3.2
defects. On this basis Martini and McMathuantitatively us time constant due to the electronics.

analyzed the behavior of @«d) and SilLi) detectors devel-

oping a model involving a single carrier type generated at g, ~q/,E~1ns, so that in most cases the transit time in

one electrode and a single trapping center. In this case @amond detectors is shorter or comparable to the response

single charge moving with drift velocity from one elec-  ime of the instrument used to trace pulse shapes, and the

trode to the other one in a parallel plate detector of thickness;; gt component described by Eq4) may not be experi-

d contributes bydq= (ev/d)dt to the total charge induced in mentally accessible. Charge collection for T (the so-

the external circuit as a result of Ramo’s theorem. Introducgjied “slow” component of the pulgeis ruled by the de-

ing the transit timeTg=d/v, i.e., the time necessary for a {apping time constant which can be much longer than a few

carrier to traverse the detector in the absence of trappinganoseconds, so that it can be experimentally measured.

processes, for<Tg no cha_rge r_eaches the electrode and the Unfortunately the time behavior of this “slow” compo-

rate equation for free carriers is nent is not accessible analytically even in this simple case
involving a single type of trapping center and a single type of

-+ —5—, (3) carrier generated at one electrode. Moreover, such a simple

dt T T model cannot be applied to diamond detectors undeor

wheren, is the number of carriers generated by the ionizing® Particle irradiation. In this case the released chageis
particle, 7 is the trappingi.e., free drify time constant, and not concentrated at one electrode but distributed along the

7 is the detrapping time constant. By using Ramo’s theoparticle penetration _depth, ranging from several microns to
rem, Eq.(3) leads to the whole _sample .thlckness_; consequently both elgctrons and
holes can in principle contribute to charge collection. In ad-
QoTe Te - dition, we will show in the following that more than a single
Q(t)= B —+—(1—e V)|, (4 type of defect must be introduced to explain experimental
RAT T results in the case of CVD diamond detectors. A computer
with Qy the total charge generated by the ionizing particle asimulation can be used anyway to quantitatively describe
the electrode and,= 7" 7°/(7"+ 7). This formula holds trapping-detrapping effects once a qualitative picture of the
for t<Tg, since afterwards some charges reach the electrod&apping centers present in the detectors is available. The
and the total number of carriers in the detector changes. Afllowing section describes this procedure.
shown by Eq(4), the time evolution of the pulses generated
by an ionizing particle in a parallel plate detector depends on IV. RESULTS AND DISCUSSION
the defects present in the detector. In the absence of trapping
defects the pulse rises linearly with time up to the transit
time Tg at which all charges generated are collected at the We now examine the experimental time evolution of the
electrodeqEq. (4) with 7" —co]. In this case the detector’s pulses before pumping.e., in the as-grown stateLet us
efficiency is 100%. Traps reduce the efficienGye., the consider the same film whose spectrum in the pumped state
pulse amplitudg if they do not allow thermal detrapping; is reported in Fig. 1. The pulses are plotted in Fig. 2 for the
otherwise 100% efficiency is still achieved, but the time re-sample in the as-grown state under negative field polarity
sponse is now slower. Carriers experiencing trapping{the behavior for positive field polarity is very similar; see
detrapping have their motion delayed by a time of the ordebelow). The applied voltage is 100 V, corresponding to an
of the detrapping time constant, so that the charge collectioelectric field of 10 kV/cm. After the initial fast rise, a slow
process extends beyond the transit tiei.e., outside the decrease is found for all pulses. In all cases, this decrease is
region of validity of Eq.(4). For a 100um thick diamond  very well fitted by an exponential with a 3,2 time constant
detector working under an external fielt=10"V/cm, Tr ~ and it is therefore due to the electronics. In the following, all

dn_n (ng—n)

A. Qualitative analysis
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FIG. 3. Pulses measured in the as-grown state for both positive [, 4. pulses measured in the pumped state for both positive

and negative field polarity after correction for the electronics decayng negative field polarity after correction for the electronics decay
time. time.

pulses are corrected for this decay, so that their ti_me beha\/i%ads to a much higher mean free path for holes than in the as
represents the actual detector response. Replotting the pulses

measured in the as-grown stdfer both positive and nega- grown state, wh.ile the electron mean free pgth Is not strongly
tive field polarity after correction we obtain Fig. 3. It is affected. Thus, in the case of positive polarity holes are now

evident that the pulses have different amplitudes, reflectinguPstantially free to move along the 1@#n film thickness
the width of the charge collection spectrum. However, simi- owards the substrate interface, while for negaﬂye polarity
lar amplitudes are observed for positive and negative polart-hey are col!ected at the upper electrode after having traveled
ity. The most important feature is that in all cases the satudt most a distanc&=15um.
ration value is immediately reached, the collected charge The simplest picture compatible with all experimental
being constant after the 10 ns rise time of the digital oscil-facts, including the development of the slow component, is
loscope. This implies that once trapped by a defect, electrori§erefore as follows. In the pumped state the mean free path
and holes are not detrapped. Since thermally activated def holes is greatly enhanced, because pumping saturates most
trapping effects do not significantly contribute to charge col-of the deep defects responsible for hole trapping without de-
lection, the defects limiting the detector’s response in therapping. Thus, shallower traps existing in a lower concen-
as-grown state are identified as deep ones. The density tfation than saturated, deeper ones, now become important.
these trapping centers is such that the CCD is aboytrit2 Since they allow detrapping, they do not limit the overall
No significant difference is observed between positive an@amplitude of the pulse, but slow down the process of charge
negative polarity because CGBnd even more so both elec- collection. The main features of Fig. 4 are due to this effect.
tron and hole mean free paths before trappisgower than  For positive polarity holes are now substantially free to
the penetration dept=15um of 5.5 MeV « particles in  travel through most of the sample via trapping-detrapping
diamond, so that the growth surface boundary plays a verprocesses, thus leading to high collection efficiérayd to
limited role. Further, since the film thickness ds> 6 the  the development of the slow component. For negative polar-
substrate interface boundary plays no role at all. Therefordty, the limited changes in the pulse amplitude and shape
even if electrons and holes should have different mean frewith respect to the as-grown state show that no significant
paths, no difference would be observed between negativeaturation of electron traps occurs. Holes are in principle
and positive polarity. In principle only one kind of trap for substantially free to move, but since 5.5 MeV particles
electrons and holes is necessary to explain the behavior ionize only within their penetration depi®=15um from
the as-grown state. the detectors’ surfacémuch less than the hole mean free

This picture changes when examining the pulse shapes fqrath, see Table) | holes can move only a few microns before
the same sample, but in the pumped state, which are plottdaking collected at the upper electrode. They therefore cannot
in Fig. 4. No significant change occurs in the case of negagive a great contribution to charge collection according to
tive polarity with respect to the unpumped state. A dramatidRamo’s theorem, nor can be trapped and detrapped since
change, on the other hand, can be seen for positive fieltheir mean free path is now much higher than the real path to
polarity. Not only is the amplitude of the pulses greatly en-the electrode. Therefore the slow component substantially
hanced, reflecting the large increase of efficiency due taloes not show up, and at the same time the fast one does not
pumping, but a significant slow component develops. Théncrease significantly with respect to the as-grown case.
symmetry between positive and negative polarity is therefore In conclusion, qualitative analysis of pulse shapes show
now broken. that both deegtype A) and shallow(type B) defects exist for

To explain this behavior it is necessary to assume thaholes, while only deejtype A) defects are present for elec-
another kind of defect becomes important in the charge coltrons. Note that, of courséy/B here simply stand for deep/
lection process after pumping, namely a relatively shallowshallow, and by no means afedefects for holes physically
trap for holes, allowing detrapping. It seems that pumpingdentified with A defects for electrons.
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B. Computer simulation 45" T T T T ™]
Since the trapping-detrapping model seems to qualita- 40t ]
tively explain our results, we developed a computer simula- 35 ]
tion according to it, allowing us to calculate, in a discrete 301 ]
time approximation, the pulse sha@dt). For each carrier =25 ]
type, the detector of thickneskis divided intoN laminae, °\; 20¢ ]
the transit time of a carrier in each lamina beifg=d/Nv 15+ ]
=Tg/N, wherev is the drift velocity. For each type of car- 10} ]
rier (electrons and holgéstwo kinds of defects(A,B) are St ]
taken into accountsee above having trapping time con- 0 Aowtme - , - ,
stantsrx , 75 and detrapping time constants, 75 , respec- -200 0 200 400 600 800
tively. Carriers can be freey;(t;) being the number of free t (ns)

carrier in theith lamina at timet;, or trapped in each of the
two trapping centers),i(t;), ng;(t;) being their correspond-
ing numbers. In the time intervdlt=t;—t;_,, free carriers

either move to the next layer contributing by At/d=e/N

FIG. 5. Comparison of measured pulses with the simulation
based on the trapping-detrapping model.

to the induced charge, or are trapped in either defect. In the dng(x,t)  n(x,t) ng(x,t) (11
same time interval, trapped carriers can be released and at T Tg '
move to the next layer or remain trapped. We have therefore
at first order approximation ift: describing the charge densitiegx,t), na(x,t), andng(x,t).
The model can be easily extended to include other types of
defects.

ni(t) =n;_1(t;—1) —ni_1(tj_1) At

—t—=
;

- In the general case, the parameters to be included in the
A B

simulation are the carrier velociiyhich gives the value of
At At), and the time constants.,, 7oz, Toa, Tog and .,
Fai-n(ti-1) 5+ Mei-n (-0 50 O g B 2D for electrons and holes, respectively. How-
A 5 ever, in our case, according to the discussion reported in the
previous section, the density of tyBadefects for electrons is
_ At At ken to be zerdi.e., 7.,=). Also, typeA defects are dee
nAi(tj)—nAi(tj—l)_”Ai(tj—l)ﬁ+ni(t1—1)7—+, ()  taken "© Tep™ ™) + YP P

A ones and do not allow detrappifigl,, Tha=2). Only 77y,
i and 705, Thg Must therefore be determined. Since the
At CCD is more easily visualized in terms of carrier mean free

Nei(t)) =Ngi(tj-1) = Nai(tj—1) 5 +Ni(tj-1) = (7) path, and trapping times are directly connected to mean free
B B . . .
paths through the carrier velocity, the parameters which
(release and trapping of a carrier in a single time intensal  We Wwill discuss are the mean free pathga=v7ea, Lna
and other second order effects can be neglected for suffi=v mia, Lhs=0 75 due to typeA or B defects for electrons
ciently largeN values. The total charge induced by each and holes, respectively, and the detrapping time constant for
type of carrier is then holes, 7hg . In the simulation, the carrier velocity has been
fixed to 516cm/s!® The total transit time of a carrier
e through the detector is therefofg=d/v =2 ns, and all time
Q(t))=0Q(t;_)+ NE ni(t;). (8 constant values given are relative to this value, while the
' mean free path values do not dependvoand are therefore
real ones.
In Fig. 5 simulated pulses are compared with experimen-
: e , tal ones in the as-grown and pumped states for positive po-
direct recomblnatlon' effects have been neglected since e"eﬁirity (the negative polarity case is a trivial one, since the
trons and holes rapidly separate under the external electrig,, component is always very smalBecause of the scal-
field, and the concentration of charges generated along theq nroperty of the pulses described below, a single pulse for
a-particle track is estimated to be_lower than that of trapping, o as-grown and pumped states has been selected, chosen in
centers. Equation®)—(7) are the discreet counterparts of the \he miqdle of the efficiency distribution determined by the
differential equations a-particle collection spectréi.e., about 8% in the as-grown
state and about 40% in the pumped state

This procedure is repeated twiffer electrons and holes,
respectively, and the results are summed. In E¢9—(7)

an(x,t)  an(x,t)  dna(xt)  dng(x.t) 9 The simulation describes very well the experimental be-
YT ax ot ot 9 havior of both curves using a single set of physical param-
eters, whose values are reported in Table I. The procedure
anaAut) NGt NAxt) adopted_ to find the parameters vglues giving the_ best agree-
= —, (10) ment with the measured pulses is as follows. First, the as-
at A A grown curve alone is simulated. Since, as discussed above,
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TABLE I. Fitting parameters used in the simulation of Fig. 5. <35um) a significant slow component is not detected even
Lea Lna are the mean free paths due to typdefects for electrons  after pumping, since holes are trapped at the highly defective

and holes, respectively, is the mean free path for holes due to region close to the film-substrate interface before traveling
type B defects, andg is the detrapping time constant for holes. distances much in excess of 1n.

Before pumping After pumping
C. Field effect
Loa (um) 45 45
Lpa (um) 4.5 50 A very interesting feature of the pulses reported in Figs. 3
Lng (um) 35 35 and 4 is the similarity of their shapes, in spite of the large
25 (N9 200 200 differences in their amplitude. We therefore normalized

them, and found that within the experimental noise, the nor-
malized pulses superimpose well, except for small deviations

the lack of a slow component for the as-grown detector i the region of the initial rise of the slow component. This

positive polarity means that the density of deéptraps for scaling is rather obvious when only the fast component is

holes is much higher than that of shali¢®) traps, the only present, but certgl_nly not t_r|V|aI in the case _of the pulses

arameters to be determined are in this daseand L measured fo_r positive polarlty on 'Fhe detector in the pumped
P . . hA» state, for which a consistent fraction of the collected charge
the value ofL,g being almost irrelevant. When, as in the

by . . comes from the slow component. This means that for all the
present case, the efficiency is so low that the total CCD '?eported pulseéwhich span an efficiency “window” roughly

Iower tha'n the penetration depth efparticles, the only ac- extending from 15% to 50%dhe ratio between the fast and
cessible information is the sum of electron and hole mean

free paths and not their separate values. Therefore we steqe slow componentis very similar. This scaling would point

.~ .~ "In favor of a single, simple mechanism affecting the pulse
L.a=Lpa and found that the as-grown state pulse is simu- g P 9 P

; o amplitudes. It would have been tempting to attribute the dif-
latedTLr’].S'ngLEA_ LhAT4:?hMtr|'? f(ir a totlal cch ?ffbog ? ferent pulse amplitudes, and therefore the broadening of the
pm. ThiS agrees wetl wi e lam value reported in Ret. charge collection spectra, to electric field inhomogeneities
5 for Sa”.‘p'es thicker than 40m, taklng Into account the due to the polycrystalline nature of CVD diamond.
ract th?rt] n tt?]e present "éof" tgefa(glpsllek(i/}‘lel? Iflvltg I:r\{/cm, To better clarify the role of the electric field we report in
ower than the one used in Ret.. cm. Wi € Fig. 6 normalized pulses measured at various applied volt-
chosen value for the carrier velocity, these mean free pathgges from 30 V to 180 \(corresponding to 3 kV/cm and 18
correspond targ 4= 7.,=0.09 ns. Hence the pulse measured

) ; . . V/cm, respectively. Pulses are grouped according to the
in the pumped state has been simulated introducing also sh D v group g

. X pplied voltagg3 pulses for each voltage, from low to high
low (detrapping hole traps(i.e., Lyg) and, as already argued eficiency) and different groups are vertically shifted to in-

in the pr_eceding section, qsubstgntially lower concentratioR o ase readability. It can be seen that within each group
of effective deep hole trapge., a higher value fot,) 8sa  ises scale well, with the exception of a single pulse at 60
consequence of pumping. The concentrations of deep eleg; ¢ as the voltage is increased the time behavior of the
tron traps(i.e., Lea) is kept unaltered. In order to reproduce gy component speeds up. Two possible explanations are
the experimentally obsgrved amplitude ratio betvvgen fas(a) field enhanced detrapping, afts) the occurrence of mul-
agd slow components it turns out thak,=50um (..,  {iple trapping-detrapping events which slow down the re-
Tha=1N9, so that the pumping process reduces the densit¥ponse at lower fields, when the transit tifigis increased.
of effective hole deep trapping centers by one order of magm the latter case, the simulation shows that to account for the
nitude, whileL,g=35um (i.e., 7,5=0.7n9, much higher ohserved speed up, the transit tiffig should change by a
than the 4.5um as-grown value ot 5. This is consistent factor comparable to the sixfold increase in field, so that the
with our assumption that before pumping dégeA) traps  ratio between trapping times afig, sweeps from above 1 to
dominate hole dynamicgcoming from the lack of a significantly below 1(assuming that trapping times are not
significant slow componeptthus the validity is confirmed affected in the same way by carrier drift velocity, i.e., the
of the initial assignmentea=Lna=4.5um based upon ne- cross section decreases with the carrier drift velogjtyThis
glecting hole typeB traps in the simulation of the as-grown seems unlikely since at fields of the order of about\@m
pulse. (i.e., of the order of the ones used by) tke carrier drift

The time evolution of the slow component is well de- velocity of natural diamond is close to saturation. Moreover,
scribed whenriz =200 ns. From the 200 ns detrapping time the substantial constancy of the ratio between the slow and
a rough estimate of the activation eneigy of shallow de-  fast components which appears from Fig. 6 seems to rule out
fects responsible for hole trapping and detrapping can beéhis possibility as the main source of pulse speedup.
made since hﬁstexp(—ED/kD. Using s~10'?s™?! for Indeed, in the approximate case when the ionized charge
the attempt frequencfto which Ep is anyway relatively in- is generated at one electrode, and the detrapping time con-
sensitive we obtainEp=0.3eV. Finally, all parameters are stant is much longer than the trapping time constant as it is in
introduced in the simulation and both curves are recalculatedur case, the ratio between the slow and fast components can
refining all parameters together, and the result is plotted irasily be analytically calculated. In this case, the fast com-
Fig. 5. ponent is clearly given by Eq4) with t=Tg and 7° =,

In agreement with the model, in much thinner filnt ( i.e., by h(7,/Tg), where 7, =75 7a/(7A + 73) and h(x)
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According to Eq.(9), and using the parameter values
LA A L found in Sec. IV B, whelTy is varied by a factor of 6 from

0.7 ns to 4 nsR should change from 1.21 to 0.34, while the
: 180V . total efficiency increases from 17% to 47%. Although the
model does not take into account all the features of polycrys-

talline diamond, according to Fig. 6 it would seem that mul-
i ] tiple trapping-detrapping effects should not be the main
o 150 V source of the pulse speedup. Also, higher fields do not lead to
a marked change in the slow to fast component ratio since, in
the range of fields explored by us, the carrier drift velocity is
close to saturation so thak is not strongly affected by the
ﬂm 120V . field. Field-assisted detrapping is therefore likely to occur at
the highest fields. AlthougB, is relatively high in our case,

) field-assisted detrapping has been observed in @&% 17

s I ] and Se(Ref. 18 (Ep=0.1eV), and the speedup effect
g %9V shown in Fig. 6 is not dramatic given the sixfold increase in
NG field.

St i

Qualitatively similar results have been obtained on other
samples, so that the described behavior can be considered as
a general property of our high quality CVD diamond films.

V. CONCLUSIONS

An analysis of the time pulse shape of particle detectors
built from high quality CVD diamond films has been carried
out. It is found that the pulse amplitude and shape depend on
the field polarity and is dramatically affected by pumping.
These changes are interpreted in the framework of the
trapping-detrapping model originally applied to Si-based
detectors? To explain the particular features found in this

t{us) work the original model has to be modified to reflect the
higher complexity of CVD diamond. A computer simulation

FIG. 6. Normalized pulses grouped according to the voltagddased on the model gives a pulse shape which agrees well
applied during the measuremefftom 30 V to 180 V in 30 V  with the observed ones. Valuable information concerning the
increments nature of trapping centers for electrons and holes is provided

by the analysis of pulse shapes. In particular, at least two

different trapping centers for holes are identified, the shal-
=x(1—exp(—1/x)) is the Hecht function of argument On  lower of the two having activation energy close to 0.3 eV.
the other hand, the total efficiency is given by the same for- The effect of pumping, which results in an increased am-
mula in which detrapping centers, which do not lead to loslitude and in the development of a slow component for
of signal, are removedi.e., T|\+:T/J§) and therefore by positive field polarity, is explained, allowing us to enlighten

h(74/Tg). The ratioR between the slow and the fast com- the role of pumping in the detector's performance and the
ponent is then given for a single carrier by different behavior of electrons and holes. A remarkable fea-

ture is the apparent scaliigithin the experimental noigef
h(7a/TR) pulses measured in a given condition, which all have the
= W_ , (12) same shape, independently from their amplitude. The behav-
IR ior of the response under increasing electric fields leads to
so thatR only depends on the ratio between trapping timesthe conclusion that field enhanced detrapping occurs at fields
andTg. close to 168 V/cm.
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