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We propose to use the non-electronic grade (nitrogen content 5 ppb< [N]< 5 ppm) single crystal (sc)

chemical vapour deposited (CVD) diamond as a thin-membrane radiation detector. Using deep Ar/O2

plasma etching it is possible to produce self-supported few micrometres thick scCVD membranes of a

size approaching 7 mm� 7 mm, with a very good surface quality. After metallization and contacting,

electrical properties of diamond membrane detectors were probed with 5.486 MeV a-particles as an

ionization source. Despite nitrogen impurity, scCVD membrane detectors exhibit stable operation,

charge collection efficiency close to 100%, with homogenous response, and extraordinary dielectric

strength up to 30 V/lm. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821035]

Since its first use as a solid state ionization chamber, di-

amond is known as a perfect material for radiation detectors

to be used in harsh environments due to its striking electronic

properties, such as high carrier mobility, wide band-gap,

radiation hardness, and high breakdown voltage. Although

natural single crystal (sc) diamond were used already from

50s, a real breakthrough in diamond detectors development

took place in 2002 when first results on extraordinary long

life time and very high mobilities of charge carriers synthetic

scCVD electronic grade (scCVD-EG) diamond grown by

Element 6 were reported.1 Since that date, scCVD-EG dia-

monds detectors were successfully fabricated to the benefit

of several physics experiments, including (i) Large Hadron

Collider (LHC) as beam loss monitors,2 (ii) GSI (a heavy

ions accelerator) as fast start detectors,3,4 and (iii) synchro-

trons (ESRF, Soleil, Brookhaven, Spring-8) as semi-

transparent x-ray beam monitors.5–7 The scCVD-EG detec-

tors are commercialized today8 although in parallel new

R&D activities are ongoing on synthetic diamond detectors

aiming at further improvement of scCVD devices such as

improving the device dimensions, e.g., from heteroepitaxial

approaches9 or/and its radiation hardness. For example,

recent developments in 3D diamond detectors10,11 rely on

the reduction of the charge drift path keeping the standard

thickness of the sensors. In the case of minimum ionizing

particles or fast neutrons, this allows the creation of a higher

number of free-charge carriers and superior (to planar geom-

etry detectors) radiation hardness. However for certain appli-

cations, including low energy heavy ions detection, low

energy X-ray beam position monitors, thermal neutron detec-

tion, or UV detection, the induced signals are rather high in-

tensity, and interactions take place in the first few

micrometers length, so thin detection volumes of a thickness

tuned to this short distance can be used (or must be used, if

detector transparency is a critical issue). One alternative so-

lution for thin detection volumes fabrication using diamond

material would be to use heteroepitaxial polycrystalline dia-

mond films (pcCVD) on Si substrates. The Si wafer can be

easily locally etched off leaving auto-supported pcCVD dia-

mond membranes. However, the use of pcCVD as radiation

detection in the past have shown that the user must cope

with several serious drawbacks including lack of energy

resolution, erratic and persistent currents,12 polarization and

priming phenomena––all these arising from the presence of

sp2 phase in form of grain boundaries.13 Especially for

super-thin pcCVD films where the sp2/sp3 ratio is high,

these effects amplify rendering pcCVD membranes unreli-

able to use for several of the radiation metrology applica-

tions. Natural choice thus has often considered the sole use

of scCVD-EG diamond. Nevertheless, when considering typ-

ically a 10 lm thick membrane and taking the drift velocity

vs. E field relation in h100i oriented scCVD diamond, the

charge transient time at high E> 5 V/lm will be no longer

than 100 ps.14 In such conditions, the use of a non-electronic

grade (short life time of the charge carriers due to the pres-

ence of atomic impurities) scCVD material could remain

potentially attractive. In the following we show a method of

fabrication of self-supported diamond membrane detectors

based on commercially available cheap, so called ‘optical

grade’ scCVD (scCVD-OG) material (nitrogen content

5 ppb< [N]< 5 ppm) of detection characteristics identical to

thick scCVD-EG detectors.14

Prior to selective plasma etching of membranes,

scCVD-OG samples were pre-thinned using two consecutive

steps: laser slicing and further mechanical polishing (lap-

ping). Employing these methods plates down to 20 lm can

be obtained; however, for higher mechanical stability of the

self-supported membranes we choose 40 lm thick plates for

further processing, which are more robust with respect to

manual handling. An Ar/O2 plasma etching method using a

magnetron sputtering Physical Vapour Deposition (PVD)

system (PLASSYS) was used to locally etch down the pre-

thinned scCVD diamond plates. This PVD apparatus in nor-

mal condition is used for thin films sputtering; here, for the

purposes of plasma etching the magnetron induced magnetic

field (enhancing sputtering yield, but inducing un-

homogeneities of the plasma) was blocked using a thick

l-metal (alloy Ni-Fe) layer, and the diamond sample was

placed at the sputtering target place. Patterning on the sam-

ple regions not to be exposed to the plasma were simply

masked with a laser cut pcCVD diamond shadow mask, laid

on the top of the scCVD diamond. Following parameters

were set during the process; gas flow: Ar 32 sscm, O2

32 sscm; pressure 8.4 mbar, RF power 200 W. Using such
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conditions, the diamond etching rate was in the 1 lm/h

range.

Figure 1 displays two scCVD plates etched with Ar/O2

plasma process: (a) Already Al metalized sample with three

small membranes of 1� 1 mm2 area (from left upper corner):

6.5 lm (Al coated), 10 lm, 1 lm thick, respectively; (b) A

larger area 2� 2 mm2 defect-free membrane of and 3 lm

thickness etched in 3� 3 mm 40 lm thick sample. Self-

supported membranes of up to 7� 7 mm2 and 1 lm thick can

be fabricated using this method on commercial available

scCVD-OG diamond plates. The surface quality of the

plasma etched regions was evaluated using AFM (see Figure

2) and optical interferometry technique. We do not observe

any significant changes in surface morphology and rough-

ness after etching up to 60 lm of diamond, contrary to the

results reported for deep RIE etching.15

The rms roughness of the surface remains below a few

nm, corresponding to the specification of pristine scCVD-

OG samples.16 Using optical interferometry we also probed

the macroscopic topography of the etched areas; the surface

bow below 150 nm was measured for several samples over

areas up to 3� 3 mm2. Although negligible in case of few

micrometers thick membranes, it can be unwelcome if mem-

branes below 1 lm are required. It is not clear to us at current

state of development if the bow comes from the etching pro-

cess or mechanical polishing. Apart from the surface bow,

other limiting factors for super-thin membrane production

can be identified: (i) The wedge of the pre-thinned scCVD

plates. In average wedges from 0.2 to 6 lm over 9 mm2 areas

were measured with optical interferometry on several pre-

thinned scCVD-OG plates. (ii) The graphitic inclusions/

voids within the diamond bulk. (iii) The microscopic surface

defects arising from mechanical polishing. In Figure 1(a)

bottom membrane has thickness of about 1 lm; a hole in the

left-bottom corner can be seen, formed most probably during

the plasma etching process due to the presence of an inclu-

sion/void or a large surface defect. These undesirable factors

can be avoided by improving the polishing process and by

pre-selection of diamond plates.

After Ar/O2 etching, the membranes were cleaned in a

boiling acid solution (H2SO4þKNO3) to remove possible

contamination with graphite. Then, rinsed in Di water and

dried in Ar flow. Both surfaces of the 6.5 lm thick mem-

brane were coated with about 400 nm Al using PVD method

(top contact 1.5� 1.5 mm, bottom contact full pad, Figure

1(a)). Contacts are patterned using standard contact photoli-

thographic technique. A special care is needed in order not

to touch the membrane with tweezers, and here the mem-

brane ring enables its easy handling from its thick frame.

About 90% of processed membranes of 1–10 micrometers

thick survived rather harsh treatment (acid boiling, spin

coating, ultrasonic cleaning, and multiple handling) that

demonstrates the mechanical robustness of the fabricated

self-supported structure.

To probe the current-voltage characteristics of metalized

6.5 lm thick scCVD-OG diamond membranes, we used a

high precision 6517a Keithley electrometer. Measurements

are done in vacuum by applying high voltage (from the

Keithley voltage source) to the top 1.5� 1.5 mm Al elec-

trode, while the bottom pad electrode is kept at the input of

the pico-ammeter connected to the ground. After applying

the voltage step about 5 min time is needed for the current

stabilization meaning: the difference of the last ten current

point measurements is less than 10%. If this condition is ful-

filled, the final current measurement is taken as an average

of the ten single measurements. Results are displayed in

Figure 3. Extraordinary dielectric strength is evidenced that

at around 200 V (30 V/lm) the leakage current remains

below 10 nA––a level still compatible with solid state detec-

tor operation. One can note soft breakdown points at around

100 V (15 V/lm) and �75 V (�12 V/lm), where the current

starts to increase exponentially. We suspect that most of the

leakage current takes place at the vicinity of the top Al elec-

trode, particularly, at the bottom edge, where some overlap

region of the Al electrode with 1 lm thick membrane can

be seen (Figure 1(a)). In this region E reaches more than

100 V/lm at biases >100 V. This value is commonly

reported as the impact ionization threshold (avalanches) in

intrinsic scCVD diamond.17 Also, at low E field region

�5 to 5 V/lm, an ohmic behavior is observed for Al contacts

on diamond (inset of Figure 2). The CVD diamonds contain

structural defects as threading dislocations, which are known

to contribute strongly to the dark current in scCVD-EG

FIG. 1. (a) A 6.5 lm thick scCVD diamond membrane used for radiation de-

tector fabrication. (b) Defect-less bare 2� 2 mm2 and 3 lm thick membrane

etched in 40 lm thick 3� 3 mm scCVD diamond.

FIG. 2. The AFM topography of a

scCVD-OG sample after deep Ar/O2

plasma etching of 40 lm. (a) 2D map,

(b) corresponding profiles.
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diamond18 and other large band-gap semiconductor materi-

als.19,20 The presence of nitrogen impurity (a deep donor),

although significantly decreasing lifetime of the excess

charge carriers, seems to be of beneficial influence to the

dielectric strength, by passivating the shallow states of dislo-

cations, just as radiation induced defects (also deep donors)

in scCVD-EG as reported earlier.21

A 4kBq 241Am 5.486 MeV a-particles spectroscopic

grade source was used to probe charge collection efficiency

(CCE) of membrane sensor. In order to only characterize the

membrane, only the signal induced by alpha particles tra-

versing the membrane should be acquired. Since range of

5.486 MeV a-particles is about 12 lm in diamond, some par-

ticles are stopped within the metalized thick frame deposit-

ing full energy, while others will traverse the membrane

(thickness <12 lm) depositing only a part of its energy, thus

a selection of a-particle’s hits is necessary. For this purpose

we used a DE-E detectors set-up presented in Figure 4. The

scCVD-OG diamond membrane detector (DE) is placed on

the top of a thick (300 lm) scCVD-EG detector (E), both

connected to fast charge sensitive amplifiers.22 Amplified

signals from both diamond detectors are digitalized and ana-

lyzed on a LeCroy 4 GHz digital storage oscilloscope (DSO)

using its internal mathematical functions––measurement of

signals amplitudes (proportional to the collected charge) in a

trend. Only a-particles which pass through the membrane

can reach a thick scCVD-EG diamond detector placed

beneath, where they are stopped inducing pulses used also as

a signal trigger for the signal from the membrane detector.

This way, both amplitudes of induced signals from DEþE

detectors are recorded on the DSO in a shot-by-shot base for

later off-line analysis.

For thin-absorbers and traversing particles the Gaussian

fit is not anymore applicable. Instead, we used the Vavilov

distribution (thick black curve in Fig. 5(a))23 to fit the pulse-

height spectra of the membrane detector, extracting two pa-

rameters: the most probable value (MPV) and r the width of

the distribution. Figure 5(a) displays the pulse height spectra

of 5.486 MeV a-particles measured using the DE-E detectors

set-up. The two perfectly overlapped spectra (most to the

left) correspond to the signals measured by the DE detector

(a scCVD-OG membrane) at 6100 V detector polarities

(E� 14 V/lm) peaking at around MPV¼ 1.82 MeV. The

spectrum in the center (peaking at 3.52 MeV) is the response

of the E detector (a thick scCVD-EG) for the a-particles tra-

versing the membrane. The energy loss within the membrane

of 5.486 MeV a-particles corresponds to a diamond thickness

FIG. 3. The I-V characteristics of 6.5 lm thick scCVD-OG diamond mem-

brane. (inset) Zoom-in at the low field region, ohmic behavior is evidenced.

FIG. 4. A DE-E set-up used for

scCVD-OG membrane charge collec-

tion efficiency measurement.

FIG. 5. (a) Spectra of 5.486 MeV

alpha-particles: (most to the left)

acquired with DE membrane scCVD-

OG detector (center) acquired with E

thick scCVD-EG diamond detector

while membrane in-the-way (most to

the right) acquired with scCVD-EG di-

amond detector while no membrane

in-the-way. (b) The collected charge

vs. applied electric field for scCVD-

OG membrane detector.
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of about 6.5 lm according to SRIM calculations,24 and this

value was confirmed from optical interferometry measure-

ments. The spectrum most to the right is the pulse-height of

a-particles measured by E detector while DE detector was

removed, distribution peaking at 5.486 MeV (we assume full

CCE for scCVD-EG material)––a full energy of 241Am emit-

ted a-particles. The sum of DEþE signals gives 5.35 MeV

which is lower by about 136 keV than full energy of emitted

a-particles. The energy loss in 400 nm Al entrance electrode

was estimated to about 65 keV, which leaves us with 71 keV,

thus corresponding to about 1.3% (value within measure-

ment uncertainty of rvavilov¼ 10%) of total a-particles

energy; thus, we assume CCE close to 100%.

Figure 5(b) displays the MPVsvavilov vs. electric filed

applied to the membrane detector with rsvavilov as the mea-

surement uncertainty. We observe a quick saturation of the

characteristics at relatively low E for both polarities, similar

to the thick scCVD-EG diamond detectors, again a strong

evidence of full CCE. Finally, the DE detector was left over

24 h of continuous counting, we did not observe any shift or

broadening of peak position or width; thus, the absence of

observable priming or polarization phenomena present in

thick diamond material containing electrically active

defects25 was demonstrated.

We presented a method of fabrication of super-thin

scCVD-OG diamond membrane detectors using Ar/O

plasma etching technique. Self-supported membranes as thin

as 1 lm and 3� 3 mm2 area were produced and characterized

as radiation detector. Electrical characterization shows extra-

ordinary dielectric strength, full CCE, and stable operation

of this type of radiation sensors, regardless of nitrogen con-

tamination. Membrane scCVD-OG detectors are perfect can-

didates for applications were transparency and/or radiation

hardness are required. Several experiments were performed

using scCVD-OG membranes detectors including X-ray

beam monitors (XBPM) for low energy X-rays at modern

light sources, low energy heavy ion detection and vacuum

window for cell irradiation studies, and in-core thermal neu-

tron detection of nuclear reactor. In all these measurements

scCVD-OG membranes detector exhibited perfect detection

characteristics. More publications on mentioned subjects are

currently in preparation.

Authors would like to thank John Morse, ESRF for pro-

viding us with pre-thinned scCVD-OG diamond plates and

optical measurements.
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