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For optimal operation of chemical-vapor depositi@VD) diamonds as charged particle detectors

it is important to have a detailed understanding of the charge-carrier transport mechanism. This
includes the determination of electron and hole drift velocities as a function of electric field, charge
carrier lifetimes, as well as effective concentration of space charge in the detector bulk. We use the
transient-current technique, which allows a direct determination of these parameters in a single
measurement, to investigate the charge-carrier properties in a sample of single-crystal CVD
diamond. The method is based on the injection of charge usirgsarce close to the surface and
measuring the induced current in the detector electrodes as a function of ti@@080American
Institute of Physicg DOI: 10.1063/1.186341]7

I. INTRODUCTION ment of electron and hole charge lifetimes and, if present in
the detector, the effective space-charge concentration in the

The transient-current techniqu&CT) is based on the detector bulk. Our investigation is focused on demonstrating

direct measurement of the current pulse shape, which is irthat the transient-current technique usimgarticles can be

duced in the electrodes of a detector by the drift of freemeaningfully applied to diamond samples, which are com-

charge carriers in an electric field. The duration of the currentmonly used as high-speed and radiation hard particle detec-

pulse equals the time the ionization charge needs to traversers. We measure the charge-carrier properties of one single-

the detector if the electric field is uniform and the chargecrystal diamond in a field strength range which is typically

lifetime is longer than the transit time. This technique reliesused for their operatiof0.2—1.5 Vjum) in tracking devices

on charge injection limited to a very small depth from thein particle physics experiments.

surface of the detector. From the transit time we determine

the dr.|ﬁ velocity apd moblllty. The TCT.method. 'has been”_ CVD DIAMOND SAMPLE AND EXPERIMENTAL

used in the determination of charge-carrier mobility and VETECHNIQUE

locity in insulator$ [CVD (chemical vapor depositiordia-

mond can be considered as an insulh&ord, more recently, CVD diamonds have been investigated for several years

in the characterization of silicop-n junction detectoré* as charged particle detectors in high radiation environments
The scope of this work is to extend the method to theof particle physics experiments at the Large Hadron Collider,

characterization of single-crystal CVD diamonds and toCERN; other accelerator-based particle physics experiments

show how it can be used beyond the determination of chargeéaround the world, and are currently in use as radiation beam

carrier velocity and mobility over a wide range of electric- monitors. In high radiation environments CVD diamond ben-

field strength. We also show that the precision measuremesfits from its low generation leakage current due to its high

of the current pulse shape can be used as a direct measuk@nd gap of 5.5 eV, and its fast current signal as a result of
high charge-carrier mobility and limited charge lifetime. Ad-
itionally it can be manufactured in films of several hundred

dauthor to whom correspondence should be addressed; electronic maiEj

heinz.peregger@cern.ch micrometer thickness, which allows the construction of a
P Also at University of Perugia, INFN Perugia, Italy freestanding detector close to the interaction region. While
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< o2fb . methods of polishing introduce subsurface damage which al-
< 0.2f ; . .
= F R ter the properties of the diamond to a depth of a few mi-
§ 0.1 Lt ¥ crometers. As our measurement relies on the average drift of
'g E L charges through the entire bulk, the possible effect of subsur-
E o * face damage on the measured transit time is small, if any.
© o1E U Further investigations are currently underway to study the
B " surface property of single-crystal diamonds using the
0.2~ x5 transient-current technique.
T For charge injection a collimated™Am o source is
'0'3:_ e mounted in the center of the top electrode at a distance of 1
=200 -100 0 100 200 mm. The source was collimated using a screening foil be-
bias voltage V [V] tween the electrode and the source with a hole of 1.5-mm
FIG. 1. Diamond dark current as a function of applied voltage. diameter. The sample is glued to a printed circuit board

(PCB) which provides the bias voltage to the back contact
d the connection to the external current amplifier. The en-

most development to date has been performed on polycry&” : . : : .
P P poly yvtére assembly is mounted in a shielded and light tight metal

talline CVD diamond samples, recent measurements ha q q For th
shown that single-crystal CVD diamond films have superiorbox an pperate at room tempergture. _ort e measurement
of hole signals a negative voltage is applied to the back con-

electrical properties. The very low defect and dislocation tor th f el nal - I
densities present in highest-quality single-crystal diamongifct; for the measurement of electron signals a positive volt-

lead to a significant improvement of electrical properties like29€ 'S applied. .
mobility and charge lifetimé. In the separate measurement of electron and hole signals

it is important that the deposited ionization charge can be
regarded as a thin charge layer generated close to one elec-
trode which subsequently drifts through the detector bulk.
The single-crystal diamond sample used in this studyThis is approximated in our setup by the range'BAm «
was synthesized with a microwave plasma-assisted CVD reParticles of 14um, which is small compared to the sample
actor and has been provided by the company Element Sithickness ofd=470um. In order to avoid polarization ef-
Ltd..” The sample measures<#4 mnt and is 470um thick.  fects due to an accumulation of charges underneath the in-
Circular contacts are put on the top and bottom surfaces gection contact we use a source of low activityigger rate
the substrate. The contacts are Cr—Au contacts with a totak100 Hz or <5.6X 10® @/cn¥ s in the active aréaand a
thickness of 250 nm, which allow wirebond connections toshort measurement duration of 5 min per voltage setting. The
the amplifier. The contacts do not include a guard ring. Thenjected charge is small enough that the field under the con-
top electrode is used as contact for the amplifier and théact essentially remains unaltered from its ohmic value and
bottom electrode is used as contact to the externally suppliedle measure space-charge-fit@CH transient curves at all
bias voltage. Before the sample has been used for the raoltages as described in Ref. 9 with the addition of a non-
ported tests, the charge collection distance of the sample hasnstant ohmic field. This is further supported by the fact
been measured to be 4jifh at an applied field of 1 Vum,  that all transient curves rapidly decay to zero after the
indicating a nearly full collection of generated ionization charge’s arrival at the opposite electrode, as we will decribe
charge® The I-V characteristics of the sample is shown inin Sec. Ill. The presence or absence of polarization effects,
Fig. 1. The plot gives the sample’s dark current, measured ooommonly associated with, e.g., polycrystalline CVD dia-
a Keithley 237 source-measure unit, as a function of thenonds, has been investigated through the time dependence
applied voltage to the bottom contact. The shown data pointef the measured transient curves. We compare transient
in Fig. 1 were taken in the order of 0 to 240 V and 0 to curves recorded in the first minute after voltage and source
—-240 V; the data point shown at 0 V is the average of bothwere applied to transient curves recorded seven minutes
measurements. The top contact is connected to the grounkter. Absolute voltage values and curve shapes recorded in
Besides an equipment-related offset we observe a steady ithe 1st and 7th minute agree to be better than 3%. The nearly
crease of dark current, including for low voltages belowperfect agreement of transient curves leads us to conclude
+100 V. Within our measurement voltage range, the darkhat polarization effects are avoided during our measurement.
current does not saturate. Furthermore the sample has been The readout electronics is based on a single-stage current
characterized by cathodoluminescence studies, whicamplifier with a bandwidth of 2 GHZsee Fig. 2 The
showed a free exciton pedR35 nm at 77 K. Absorption amplifier circuit has been developed for a dedicated applica-
measurements have been carried out and show the nitrogéion of polycrystalline CVD diamond detectors as a high-
level to be below detection limits; luminescence techniquespeed beam monitor systemit provides a linear amplifica-
show a small peak at 575 nm, hence indicating the presend®n of positive and negative input current signals and is
of a nitrogen vacancy complex, but at a concentration weltuned to suit the noise and speed requirements of CVD dia-
below the detection limits of absorption techniques. Prior tomonds. Prior to our measurements its amplification and re-
metallization the bare diamond was polished by the manusponse were calibrated with external test pulses. We measure
facturer to obtain a smooth diamond surface. There are soman amplification ofA=11.5 and a rms noise on the output of
indications, although not yet well established, that somehe amplifier, while the detector was connected and biased,

A. Experimental setup
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pulse shape for each bias voltage setting. The measured volt-
1n 1N Digital Scope age curveU,(t) is subsequently corrected for gain, input

| |

| |

resistance, and the integration effect of detector capacitance
and parallel stray capacitances at the input in order to obtain
the current pulse as

cvo GND 1 [ du(t) ]

GND GND imeyh(t) = ﬁ RinCdT +U(t)

He
3

(1)

where C4=5 pF denotes the sum of detector and stray ca-
pacitances at the input of the ampliffeEor the determina-

E tion of transit time, we fit the current pulse’s rising and fall-
ing edges with complementary error functions, which yields
-V the start and end timeg,andt,, as the 50% point of the error
bias function fits.
In order to verify our setup and analysis we carried out a
reference measurement on a silicon diode using the identical
GND setup and analysis technique later used for diamond. For the

reference measurement we used a silipemdiode supplied
by SINTEF (Ref. 12 with a thickness of 1 mm and a full
_ . depletion voltage of 150 V. The source was mounted on
e e F s tiap of thepmpant above a Nl n e contact melaiz
. . . ~ " tion an itive rever ias volt W lied to th
put resistanc®;,=45 () and gain. The combined uncertainty on and a positive reverse bias voltage was applied to the

! . - : backplane, thus providing a measurement of the electron sig-
is +15%, while the repeatability of measurements is bettef P P g g

e -~ “nal. From the current signal duration we determined an elec-
than £5%. The output of the current amplifier is sent via 9

. o 13 3ron mobility in silicon of 1520 crVV s at 200 V. The elec-
0.5-m-long signal cable to a LeCroy LC564A digital oscillo- ., iy velocity was measured in the voltage range of 200—

scope with an analog bandwidth of 1 GHz and is digitized a%oo V and compares well to previously published dita.

4 GS/s. Measuring the total charge by integrating the current signal

yielded an ionization energy of 3.8+0.6 eV for the creation

of an electron—hole pair, which is in good agreement with the
Individual signals are recorded when the amplifier out-€stablished value of 3.62 eV.

put amplitude exceeds a threshold of 0.7 mV and a full width

at half mgximurr(FWHM)_ pulse duration of larger than 2 ns. Ill. ELECTRON AND HOLE CURRENT PULSES

The requirement of a minimal pulse width was necessary to

allow maximum sensitivity to small current pulses and sup-  The measured hole and electron current pulse shapes are

press triggers on electronic noise. Care was taken to ensudisplayed in Fig. 3 for different settings of bias voltage

that this trigger requirement rejects only electronic noise buFigure 3a) shows the hole pulses resulting from negative

is still significantly below the shortest observed diamond sigvalues of{V|=40, 50, 60, 70, 80, 90, 100, 125, 150, 175, 200,

nals at any voltage setting. After individual signals are re-225, 250, 275, 300, 325, 350, and 37%fkdom bottom to top

corded for each bias voltage setting, they are offline corof the graphs Figure 3b) shows the electron pulses as a

rected for trigger jitter and averaged to obtain an averageesult of positive voltage settings ¢#|=70, 85, 100, 125,

FIG. 2. Setup used for amplification of CVD diamond current signals.

B. Data analysis
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FIG. 3. Diamond current pulses for holé® with different negative bias voltagg¥ <0) applied to the detector back contact and for electri@mswith
different positive bias voltaged/>0).
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150, 200, 250, 300, 400, 500, 600, 650, and 690ffgm va(E) = dit.. )
bottom to top of the graphsThe fast rising of the current
signal is dominated by the electronic time constants of thd'he linear relation between drift velocity and electric-field
amplification and readout system and remains approximatelgtrength as the actual definition of mobility is only valid at
constant at higher voltages. The falling edge clearly showwery low detector voltages. For further discussion we there-
the arrival of the charge cloud at the opposite electrode fofore introduce a formal calculated mobility as suggested in
electrons at all voltage settings and for hole$vtabove 80  Ref. 14, which acts as affectivemobility x* at higher field
V. We attribute the increased fall time at lower voltages tostrengths and includes effects of space charge. The calcula-
the increase in diffusion width as the drift time increasestion assumes that the field due to space charge present in our
Both the rising and falling edges are convoluted with thedetector(see Sec. Vil is linear throughout the whole bulk.
initial spatial distribution of the charge cloud although this Consequently the effective mobility cannot be calculated
constitutes a minor effect as can be seen from the puls&om a linear relation between the applied drift voltagand
shapes at high voltages. the measured transit timgas . * = d?/ (Vt,). We calculate an

A significant decrease of current signal during the drifteffective mobility ., from our measured transit tintg and
for holes and increase in current signal for electrons can bgetector voltagé/ as
observed. While the decrease of the current amplitude for )
holes could naively be attributed to trapping of holes, there ~»_ __9" | (V+Vc>, )

n
has to be another mechanism responsible for the increase of h 2tV \V-V,
the current amplitude observed for the SCF transient for
electrons. It will be shown in detail in Sec. VI that the con- o2 V-V
. . . . . * C
voluted effect of trapping of charge carriers with lifetims, Me="— |ﬂ<—> : (6)
' 2tV \V+V,

and of a negative space-charge concentratignin the bulk,

leading to a nonconstant ohmic field, can explain the dat@vherevc denotes the voltage necessary to compensate for
reasonable quantitatively. For a linear electric field in they,e effect of space charge in the diamond Witk a detailed
diamond bulk caused by a uniform negative space-charggyplanation ofV, see Sec. Ml Although the formalism is
concentratiorNy, it can be shown that the induced current gimijar 1o the full depletion voltage of silicon diodes, we do
foIIow_s an gxponentlal behavior with two time constants inpqat 54 priori assume similar physical processes in diamond as
the drift region as present inp-n silicon junctions, hence we explicitly avoid

i (1) oc @7ty Uren 2 the tgrm “full depletion voltage.” . .

eh ¢ ’ Figure 4a) shows the measured drift velocity and effec-
tive mobility [Fig. 4(b)] as a function of externally applied

€ _ €€tV 3) drift field |V|/d. In these plots we only include measurements
€ottenNeril €902 |Ngg] with applied voltages higher thaw, i.e., voltages of 100 V

or higher. We observe a significantly faster drift velocity for

wheree, ande denote the permittivity of vacuum and dielec- holes than for electrons. Both velocity curves clearly deviate
tric constant of diamondgy,, the mobility of electrons and  from linear, and the electron and hole velocities start to satu-
holes,e, the electron charge, arig=t.—t; the transit time of  rate due to scattering of free carriers on optical phonons, in
charges through the diamond bulk. The first term in the exparticular, in the field regime used for particle detectors
ponent of Eq.(2) describes the exponential behavior of the (0.8—1 V/um). We measure for our sample an electron ve-
current due to effective space char@ecreasing current for |ocity of 5.6x10°cm/s and a hole velocity of 7.5
electrons, decreasing current for holese second term ac- x 10° cm/s at 0.8 Vum.
counts for the current's exponentional decrease as a result of - Figure 4a) illustrates that at voltages normally used for
charge trapping. In the case of holes the effect of negativeletector operation, the linear relation of drift velocity and
space charge is enhanced by charge trapping, while in thgeld strength does not apply. In the regime where the drift

case of electrons the decrease of amplitude due to trapping {&locity approaches the saturation velocity, it can be de-
more than compensated by the increase of current with timecribed instead as

due to the increasing electric field in the space-charge region.

T =
Eﬁe,h

In Secs. IV-VI we will determine the mobility, velocity, _ MoE )
charge lifetime, and effective space-charge concentration us- Uar= woE
ing the information provided by the electron’s and hole’s 1+v_

S

current pulses.

where u, denotes the low-field mobility for electrons and
holes, respectively, andvs their respective saturation
IV. DRIFT MOBILITY AND VELOCITY velocities.15 The solid lines in Flg éa) show the fits of Eq
(7) to the electron and hole data. The fits yield low-field
The measurement of the charge cloud transit tigpggo- ~ mobilities uo=1714 cnd/V's and uy,=2064 cni/V s for
vides a direct measurement of the average drift velocity as alectrons and holes, respectively, and saturation velocities of
function of the applied electrical field. For our measurement,=9.6X 10° cm/s andvs,=14.1x 10° cm/s for electrons
we calculate the average drift velocity as and holes, respectively. For our sample those fit values pro-
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gether with earlier published results on carrier-density-
related reduction of drift velocity in diamortd.

Y
o

w
o

V. CHARGE-CARRIER LIFETIME

- 80 drift velocity may also be limited by carrier—carrier scatter-
E - ing in the very early phasdapproximately 1 nsof the drift.
.3701_ We estimate the possible systematic reduction of our mea-
%‘ 60:_ sured velocities due to carrier—carrier scattering to be a maxi-
S mum of 6% at the highest field strength data and less for
; 50:— lower field strength. For this estimate we used our measure-
5 F ment’'s peak carrier density and diffusion coefficients to-

20 During the drift process electrons and holes can be
10 trapped which leads to a reduction of current signal if the

C charge-carrier lifetime is in the order of or below the transit
ol o L time. Charge trapping results, for example, in a significant

02 04 06 08 1 12 14 ) . X . .
field [V/um] reduction of signal in polycrystalline CVD diamond. For the

measurement of free-charge-carrier lifetimes for electrons

£35°°:_ and holes, we use the total induced charge through the inte-
E_ [ (b) gration of the measured current pulses at different voltages.
;30003_ In the following we use two methods for the determination
= C of 7, and 7,
‘ézsoo_— e
220002_ A. Method of relative charge deficit
E - We determine the total induced charge through the nu-
“’150():_ merical integration of the measured current pulse as
C te
1000 Qen(V) = f im, (V. Ddt. (8)
C tg
5001 In the case of a constant drift velocity, which is given by our
- average measured drift velocity, the relative charge deficit
0 e e e can be related to the charge-carrier lifetime using @yas

12 14
field [V/um] Qo ~QenV) d 1
eh ’ ~

FIG. 4. Average drift velocitya) and mobility (b) as a function of applied QO - ZTeh Var
drift field |V|/d. The solid marker denote electrons and the open markers eh ' eh

c_jenot_e holes. The solid I_ines in) _show fits of Eq(7) to the data. The solid whereQO denotes the total charge in the absence of trap-
lines in (b) are only for visual guidance. ping eh
We therefore use the dependencel@f, on the inverse

vide a good approximation of the drift velocity at fields useddrift velocity to determine the charge-carrier lifetime for
for detector operation. electrons and holes. Figure 5 shows the total integrated

The effective mobility shown in Fig. (#) reduces with charge as a function of the applied drift voltage for electrons
increasing electrical field as the saturation velocity is ap-and holes. Both curves show a clear saturation of the total
proached. This reduction is generally observed in semiconeharge abovév|=200 V. Electron and hole charges saturate
ductor materials, the dominant scattering mechanism beingt approximately the same values, which already indicates
associated with optical phonons, and depends on factors sudihat there is no significant difference in electron and hole
as the optical-phonon energy, relative trapping times of eleclifetimes in the range of the measured transit times.
trons and holes, and charge density. In applications such as Equation (9) assumes that a drift voltage is applied
diodes operated in the forward direction the voltage gradienivhich is larger than the voltage required to compensate for
across the material is desired to be as low as possible. Praegative space chardeee Sec. V)l We therefore use only
vious measurements under these conditions of low electrimeasurements withv|>100 V to determine the relative
fields have reported mobilities as high as 450Gkvs  charge deficit. The dependence @, on the inverse drift
(Ref. 6 on this type of diamond. The measurements reportedelocity is shown in Fig. 6 for electrons and holes. Linear fits
here at low detector voltage, which are obtained with com+o the graphs for electrorisolid line) and holegdashed ling
parably low injected current density, independently verifyyield lifetimes of 7,=33.8%° ns and7,=35.83° ns, respec-
previously measured mobility values for this type of tively.
diamond® The extrapolation to infinite drift velocity, i.e., &4,=0,

Apart from optical-phonon scattering which leads to aallows us to estimate the generated ionization charge in the
reduction of mobility and velocity saturation, the measuredabsence of trapping. The fit extrapolation yields a total ion-

, (9)

Downloaded 20 Jun 2006 to 137.138.124.157. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



073704-6 Pernegger et al. J. Appl. Phys. 97, 073704 (2005)

o g %
‘©45F o 48
AR I o
Sao0F H ! 5 %6
C [ %% o r
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35 [t ? ® 44
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10 34
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FIG. 5. Total induced charge for electrotsolid markerg and holesopen FIG. 6. Measured ionization charge for electrgsslid markerg and holes
marker$ as a function of applied drift voltage. (open markersas a function of inverse drift velocity.

ization charge OfQoe=47-6il-6 fC anonh:47.512.2 fC  factore*7or? The resulting corrected current pulse replaces
for electrons and holes, respectively. Including a correction(t) in the current integration of E@8). If the choice ofr,,
for small base line shifts at the start and end of the pulse wenatches the actual charge-carrier lifetime, the total corrected
measure a total ionization charge of 49 fC. Together with the;hargcheh will be a constant as a function of voltage for
calculated energy loss of 5.38 MéRef. 17 we estimate the |V|>100 V. This behavior is illustrated in Fig. 7 for different
energy for the creation of an electron-hole pair to bechoices ofr,, From Fig. 7 it is obvious that the method
17.6+2.7 eV, which is well in the range of previously re- becomes insensitive if the charge lifetime is much larger than
ported values of 13-24 eV for the ionization energy in dia-the transit time, but that it is quite sensitive to a possible
mond fora particles™®'#?°Given the rather large 15% error underestimation of the real lifetime. The fitted slopes at dif-
on the absolute calibration of our amplifier, our measurederent values ofr.,, are further used to determing and 7,.
value is in agreement with precision measurements of th&he fitted slopes as a function af,;, are shown in Fig. 8 for
ionization energy reporting values of 13.2-13.6'&% It  electrongsolid markersand holegopen markers The hori-
should be noted, however, that the absolute calibration of theontal dashed lines mark the alccuracy of the slope fits.
system is not required for any analysis of results presented i@n a +3r level of accuracy our measurements are consistent
this paper. The measurement of velocity, lifetime, and effecwith lifetimes in the microsecond range being reported in
tive space charge only uses either the duration of the curreiRef. 6. From the zero crossing of the graph we extract the
pulse or its relative change of amplitude. For a better precieharge lifetime for electrons and holes Q§=40ﬁ§8 ns.
sion on the measurement of ionization energy it is preferable  Both methods yield consistent results for electron and
to calibrate the detector-electronic setup in an absolute wakole lifetimes. The measured lifetimes for this sample of
as it was done, for example, by Canetial*® single-crystal CVD diamond significantly exceed the transit
times of drifting charges and are above several tens of nano-
seconds. This constitutes a dramatic improvement over pre-
From Eq.(2) it can be seen that the effect of charge viously reported charge lifetimes in high-quality polycrystal-
trapping can be compensated,iif (t) is multiplied by a  line CVD diamonds?

B. Method of charge correction

O 100 O 100
o 90f electrons > oo holes
© U} =
g 80F tc=10n 2 8op
St c=10ns 6 _ | tc=10ns
o 70F - 70F
Q E 9 [
O 60F O 60F
S tc=40ns e | tc=40ns ‘ _
o 50F . ¢ ® = o 50F FIG. 7. Corrected charge as a function of drift voltage
S ol gy 4 SREI - — 8 g_—_g—_gﬁig:g:g:g:g:g for electrons(a) and holesb) with different choices of
Fe® = : tc=2000;13 tc=2000ns Teorr
30F 30F
20F 20F
10f 10f
(1) P PN DU PN DU P I )] TR B P N P P
100 200 300 400 500 600 700 100 150 200 250 300 350 400
v Vv

Downloaded 20 Jun 2006 to 137.138.124.157. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



073704-7 Pernegger et al. J. Appl. Phys. 97, 073704 (2005)

~ 0.01 — T 5=
;5, L /ﬁ"?:—————ft— 3 6 8 E(x)
R - E L
g O T g 5
® C / ° T v,/d
-0.01- 8 a- (V-Vy) / d
- C I p X
: 3‘_ x=0
-0.02- - o injection side
L a2l
-0.03- C
C 1=
-0.04- C
i 0
-0.05 5 3 oes e
10 10 10 TIIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIIII
lifetime correction [ns] 5 0 5 10 15 20 25 30 35 40

time [ns]
FIG. 8. Slope onceh(V) as a function ofry,.
' FIG. 9. Hole pulses fov=-40,-50,-60,-70,-80,-90, and —100(kot-

tom to top amplitude The insert shows a schematic representation of a
VI. NET EFFECTIVE SPACE CHARGE possible electric field with/> V..

The exponential shape of electron and hole current
pulses in Fig. 3 can be explained by a net effective spacor a precise determination & as it depends on the spatial
charge in the diamond bulk. In the simpliest case of a unidistribution of initial charge deposition and diffusion.
form effective space charge, this leads to a linear dependence For an accurate determination d; we use the total
of the electric field as a function of position in the bulk. This integrated charge, corrected for charge trapping, as intro-
in turn causes an exponential increéslectrons or decrease duced in Sec. V as
(holeg of the induced current.

te
Q. (V) = f im, (V.)€ ™dt, (10)
tS

A. Determination of average effective space charge

: . . . 2eeyV,
Using the simple case of a uniform effective space  Ng= co¥e

. . 2
charge we can determine an average effective space charge €od

in the d!amond pulk. The assgmption of an effective SPacerhe second equation gives the relation betwisgpand V,
charge in the diamond bulk is supported by the approXitor 4 yniform effective space-charge concentration.

mately exponential behavior of the current pulses. From the Figure 10 shows the dependenceQf on V. The plot
relative sign of increase/decrease for electrons and holes we

can determine that, although the space charge can be caused
by more than one type of defect, the cumulative effect of
those defects is that of a negative space charge.

Figure 9 shows the behavior of the hole signal as the
voltage |V| is increased. In this configuration the high
electric-field region is on the side where the charge is in-
jected, which is shown schematically in the insert of Fig. 9.
As the widthw of the bulk withEy+ 0 increases proportional
to \V, the increasing drift path and field leads to an increase
of induced signal. When a voltagg, is reached, which cor-
responds to the voltage necessary to just compensate for the
negative space charge, the hole pulse starts to exhibit the
falling signal edge which is characteristic for the arrival of
the charge cloud at the opposite electrode. The first sign of
this charge cloud arrival appears\&t-70 V and is clearly 10
present atv=-80 V. This interpretation is also consistent
with the observation that we could not detect any electron | P I AR AN BRI I AT B
signal for voltages below 70 V, as theparticles are injected 6 8 10 12 14 16 18 20
into a field-free region for positive voltages below 70 V. The v

appearance Pf a fa:'””Q signal .edge in the hole pulse mayg. 10. Total integrated hole charge as a functionf The dashed line
serve as an indication for, but is not sufficiently accurate indicates the fit to determiné,.
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?1 8F lead to a nonlinear field distribution and extended field-free
‘.E' 7 _ (a) holes regions in the bulk® Further investigations are currently un-
6F [V] = 300V derway to study the diamond behavior and field distribution
3 5E through TCT measurements at very low voltages using im-
s proved electronics.
4 = Another observation concerns the current increase dur-
3 ;— N V| = 100V ing the drift time observed for electrons. The current grows
2k 0o, ." faster for higher detector voltages, which indicates that the
1E effective space charge, though nearly uniform, depends on
0 bz e oo - the detector voltage. This is not the case for holes. To illus-
T trate this behavior qualitatively we compare our data to a
0 5 10 15 20 current pulse simulation in Fig. 11. The simulation assumes a
time [ns] uniformly distributed negative space charge and our mea-
sured values for charge lifetime and drift velocity as a func-
= tion of electric field. Figure 11 compares the measured base
% (b) electrons line corrected current pulses for holes and electrons to the
§ IVl = 300V simulation at two different voltages: at 100 V closéipand
§ at a typical detector operation voltag800 V). For holes

(plot @ we assumed the same effective space charge of 2
V| = 100V X 10cm™ in the simulation at both voltages and the simu-
T lation agrees well to the data for pulse duration, amplitude,
k and current slope during the drift. For electrdpsot b) we
achieved a good agreement, in particular, modeling the cur-
........... ooy rent slope during charge drift, only when using different val-
L ues for the effective space charge at 10@simulation as-
0 5 10 15 20 sumes 0.& 10"cm™) and 300 V (simulation assumes 5
time [ns] X 10tcm3). All other diamond parameters are kept constant
for all simulations. One possible origin of this behavior may
be the combination of current injection through the contacts
in combination with rather uniformly distributed charge trap-
ping centers, which can result in a uniform but voltage-

shows a clear kink whek reaches/, and remains constant . .

. . dependent space-charge density. This leads us to expect a
as expected for higher voltages. From a fit to the graphsam le dependence of this behavior as well as a dependence
(shown as dashed lingve determine/.=96 V and an aver- P P P

. . . of the surface preparation process. Further investigations are
age effective negative space-charge concentratiomNgf prep P g

_ 3 : [y currently being prepared to study the dependence on the sur-
=2.8x 10"cm %, From the linear dependgnce aw for v face preparation as well as intrinsic sample-to-sample varia-
<V, we can also conclude that the effective charge collecti.
. : ; tions.
ing electrode remains the physical electrode for a CVD dia-
mond detector due to the high resistivity of the electrically

neutral fraction of the bulk. VIl. CONCLUSION

N W R OO

BTV T[T T[T VT[T T[T TT[TrrT

—-—h

FIG. 11. Base line corrected measured current pulseskers and simu-
lated current pulsedines) for holes(plot @ and electrongplot b).

We used the transient-current technidd«€T) to mea-
sure the transport properties of free charge carriers in
While the above assumption of a uniform effective spacechemical-vapor depositiof€VD) diamond. The use of a fast
charge and linear field is a good approximation for higherow-noise RF amplifier allowed us to directly measure the
detector voltages, we observe a deviation from linear field$nduced current for electrons and holes, which were gener-
at detector voltages around and belo Electron and hole ated by ane source. We used this method to study the elec-
current pulses d¥/| =V, show a nearly flat behavior towards tron and hole transport properties in a sample of single-
the end of the drift time as shown in the 100-V measurementrystal CVD diamond under conditions usually used for
data of Fig. 11 for drift times larger than 10 ns. This suggestparticle detectors. We measured the drift velocity and mobil-
that at low detector voltages the electric field starts to deviatity as a function of electric field at room temperature. In the
from its linear dependence through the bulk and becomehkigh-field regime typical for particle detectors we obtain drift

approximately constant towards the charge collecting elecvelocities of 5.6< 10° cm/s and 7.5 10° cm/s for electrons
trode. This is also evident in the extrapolation of the linear fitand holes aE=0.8 V/um, respectively, and saturation ve-
in Fig. 10 to the horizontal axis. In the linear extrapolationlocities ofvs=9.6x 10° cm/s antbs,=14.1x 10° cm/s for
Q,, =0 is reached for an applied voltage \b¥=25 V rather  electrons and holes, respectively. The charge-carrier lifetime
than atv=0 V. At this low voltage the effective space charge was measured to bee,h=40ﬁ§8 ns. This charge lifetime is
may significantly deviate from the above measured value o$ignificantly longer than the charge transit time, which shows
Net and may in turn depend, e.g., on the combination ofthat charge trapping is no longer limiting the obtainable sig-
generation current and trapping center density, which canal in the highest-quality single-crystal CVD diamond. The

B. Further considerations on N
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