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Summary. — After a brief introduction, including a summing up of the main
characteristics of the Extreme Ultraviolet (EUV) radiation, we describe the ENEA
Discharge Produced Plasma (DPP) EUV source. The DPP emits 100-ns duration
EUV pulses, in the λ = 10–18 nm wavelength spectral range. The in-band energy
per pulse is about 30mJ/sr at 10Hz repetition rate. In addition to the already per-
formed characterizations, we recently exploited high purity monocrystalline diamond
detectors developed at the Department of Industrial Engineering of the University
of Rome “Tor Vergata”. The configuration of the electrodes of the used devices was
the interdigitated one, particularly suitable for fast measurements. Thanks to the
rapid temporal response of these detectors, the fast peaks of EUV emission (7–8 ns
FWHM), superimposed on the main pulses, have been characterized much better
than when using silicon PIN diodes. These rapid emission peaks occur at the max-
imum heating and radial compression of the plasma column. Finally, by using the
DPP source, a useful characterization and calibration of the diamond detectors has
been obtained in the λ = 10–18 nm range, by comparison with a reference absolute
PIN diode.

1. – Introduction

This work derives from a scientific collaboration between ENEA, that is responsible
for the Extreme Ultraviolet (EUV) radiation source operation, and the Department of
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Industrial Engineering of the University of Rome “Tor Vergata” (URTV), that is respon-
sible for the development and fabrication of the diamond detectors [1].

EUV radiation (total band photon energy hν = 20–284 eV, wavelength λ �
4.4–62 nm) is gaining considerable scientific and technological interest for its numer-
ous applications concerning material treatments, fusion plasma diagnostics and micro-
electronic fabrications [2]. In particular, EUV radiation can be efficiently utilized both to
modify the chemical structure of many materials [3,4] and to influence optical properties
of various photonic materials [5,6]. Moreover, the combination of EUV short wavelengths
with the availability of high reflectivity (≥70% around λ = 13–15 nm) normal incidence
Mo/Si multilayer mirrors, led to the development of high resolution lithographic appara-
tuses operating in this sub-region [6, 7]. Consequently, EUV sources are largely studied
and exploited for metrology and tests on EUV components: detectors, special optics,
lithographic masks, photoresists and innovative materials.

Due to the EUV short penetration depth in almost every material [8], no lenses are
available and EUV radiation propagates just in vacuum, or in really low residual gas
pressure: 1mbar of air totally absorbs EUV radiation on a few centimeters path and, for
example, Xe gas is even more absorbing [8].

Excluding synchrotron machines or free electron lasers, plasma sources are needed to
efficiently generate EUV radiation. As a first approximation (black–body), the plasma
temperature T determines the radiation spectrum peak photon energy E0: E0(eV) �
3 · T (eV). Anyway, it must be emphasized that the line emission characteristics of
the emitted spectrum depend on the nature of the material from which the plasma is
generated and on the plasma heating method. For instance, EUV radiation peaked at
hν = 90 eV (λ � 13.8 nm), requires T � 30 eV ≡ 3.5·105 K. Since, in practice, in the case
of high density (� 1021 cm−3) plasmas, that is needed to obtain a good EUV emission,
this range of temperatures can be maintained in a small volume V � 1mm3 just for a
short time τ � 100 ns [9-11], only pulsed EUV sources have been developed.

An EUV Xe-fed Discharge Produced Plasma (DPP) source is available and operating
at the ENEA Frascati Laboratories. Its main features will be discussed in the following.

2. – The ENEA DPP EUV radiation source

The ENEA DPP EUV radiation source is fully operating and stit is suitable for
applications in surface treatments, photonic materials processing, sub-micrometric pat-
terning [6], etc.

The DPP has been designed following a cylindrical symmetry to minimize the parasitic
inductance of the main discharge circuit [9]. In fig. 1 the schematic of the DPP electric
circuit is reported as reference. The DPP is supplied by two electric discharges: an initial
long pulse low-current pre-ionizing one, followed by the fast high-current main discharge,
which leads to the high-temperature plasma formation [6, 9, 10, 12]. Briefly, the DPP
working principle can be described as follows [6, 9, 10,12]:

• a low pressure (0.5–1.5mbar) Xe gas, filling an alumina tube (3mm inner diameter,
7–13mm length), is pre-ionized by the first discharge (�30A, �20μs);

• after a few μs delay with respect to the start of the pre-ionizing discharge, the
low-inductance 50 nF glycol cylindrical capacitor, charged up to �25 kV, produces
the second discharge (12–13 kA peak current, 240 ns half period) in the pre-ionized
gas through a triggered spark-gap;
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Fig. 1. – DPP electric circuit schematic.

• the resulting magnetic field (>1T near the alumina tube at the current peak)
pinches the plasma towards the tube axis;

• the plasma resistance rises, thus the plasma temperature can increase up to 30–
40 eV;

• the hot plasma emits radiation before relaxing and cooling.

The DPP emits radiation on a broad spectral range including EUV, UV, visible light etc.
The source is optimized to emit EUV pulses in the band [9, 10,13]:

{
hν � 69–124 eV,

λ � 10–18 nm.

It is typically Xe gas fed, but other gasses can be utilized to modify the characteristics
of the emission.

To select the λ = 10–18 nm region, which is the Xe main emission EUV sub-band, a
Zr filter must be used. The Zr exhibits a good EUV transmission in the λ = 10–18 nm
range [8], well matching the DPP emission spectrum [13]. In fig. 2 a typical spectrum
of the DPP EUV radiation is reported together with the transmission coefficient of a
150 nm thick Zr filter [8]. This Zr filter (by Luxel Corp.) transmits �56% of the incident
DPP EUV radiation.

In fig. 3 a typical time evolution of the high voltage V1 on the glycol capacitor, of the
main discharge current Icap and of the EUV pulse, as detected by a 300 nm-Zr-filtered ab-
solute PIN diode (IRD/Optodiode AXUV20HS1BNC) placed at 54 cm from plasma, 10◦

off-axis, is shown. This PIN diode configuration has been fixed during all measurements.
The EUV emission is characterized by multiple pulses, corresponding to the discharge
current oscillations, which produce subsequent less efficient plasma compressions.

Presently, the DPP emits more than 30mJ/sr/shot in the λ = 10–18 nm wavelength
region at 10Hz repetition rate within �0.9 sr solid angle, with a pulse to pulse stability
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Fig. 2. – Spectrum of the DPP EUV emitted radiation and the transmission coefficient of a
150 nm thick Zr filter.

≤3% r.m.s. The EUV pulses typical duration is �100 ns FWHM [6], while the optical
EUV source transverse size φ is less than 300μm, a factor ten less than the initial diameter
of the plasma [6, 10,12].

The DPP is equipped with a vacuum chamber for the applications of the EUV radia-
tion. At the moment, when the DPP is operating, in addition to a residual air pressure
of �10−5 mbar, a Xe gas pressure of �10−2 mbar is present in the vacuum chamber, due
to a dynamic equilibrium between the incoming Xe gas flux (5–25 sccm) and the avail-
able pumping speed. The implemented diagnostics and the reliable DPP performances
allow various controlled applications like direct EUV exposures of materials with a minor
damage from plasma debris bombardment [3, 4, 6].

Looking at the shape of the EUV pulse reported in fig. 3, it is possible to note a fast
front edge at the starting of the first pulse, partially integrated by the 10-ns risetime

Fig. 3. – Temporal evolution of the high voltage V1 on the glycol capacitor, of the main discharge
current Icap and of the EUV pulse as detected by a 300 nm-Zr-filtered absolute PIN diode placed
at 54 cm from plasma and 10◦ off-axis.
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Fig. 4. – IEC diamond detector schematic.

of the used silicon PIN diode. This overshooting indicates that the plasma column has
reached its maximum heating and radial compression and that, by few ns, the kinetic
energy collected by the collapsing plasma cylindrical shock wave is converted into thermal
energy [9, 11]. To better analyze this phenomenon, a faster EUV detector is needed. In
the following we will discuss the measurements of the DPP emission by using the above-
mentioned fast response diamond detectors.

3. – The diamond detectors

At URTV, two different types of diamond detectors have been developed. The Sand-
wich Configuration (SC) detectors [1, 14] will not be treated in this work, whereas the
Interdigitated Electrode Configuration (IEC) detectors [1, 15, 16] have been used during
our measurements and will be discussed in the following.

In fig. 4 a schematic of a IEC detector is shown, while the image of a utilized IEC
detector obtained with a 2.5× optical microscope is reported in fig. 5, where the layout
of the two comb-shaped interdigitated electrodes is evident.

In short, an IEC detector consists of a high-purity synthetic intrinsic single-crystal
diamond (25–50μm thick) grown by microwave enhanced plasma Chemical Vapor De-
position (CVD), on a commercial low-cost High Pressure High Temperature (HPHT)
diamond substrate (overall typical size: 3–4×3–4×0.3–0.5mm3). On the CVD diamond
surface, two interdigitated comb-shaped Cr electrodes, positioned as shown in figs. 4
and 5, are fabricated by photolithography. The Cr coating is typically 100–150 nm thick.

Fig. 5. – Image of the (5-20) IEC diamond detector obtained with a 2.5× optical microscope.
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Fig. 6. – IEC diamond detector bias circuit schematic.

The width of each comb tooth and each gap between two adjacent electrode elements is
in the range 5–25μm. The nominal width of the tooths (θ) and the nominal value of the
gaps (γ), both expressed in μm, characterize a specific detector and its name as (θ− γ).
For instance, fig. 5 refers to a (5-20) IEC detector. In our measurements we used three
IEC detectors: (5-5), (10-10) and (5-20).

The band-gap of intrinsic diamond is: Egap � 5.5 eV. Therefore, energetic enough
photons (hν > Egap) impinging on the CVD diamond surface and penetrating in the
material, can generate electron-hole pairs, theoretically free to travel into the whole
crystal. However, in absence of a driving electric field, the pairs quickly recombine. On
the contrary, if a bias voltage is applied to the electrodes, the electrons and the holes
move in opposite directions. If they reach the electrodes, an electrical signal is generated.
The intensity of the collected current is then proportional to the amount of photons per
second, i.e., to the intensity of the radiation. The current signal is converted into a
voltage one by the 50-ohm input impedance of a high frequency oscilloscope. The high
mobility of the charge carriers and the low dielectric constant of diamond (εr � 5.7)
allow obtaining very low risetime (0.1–1 ns) detectors. The DPP EUV radiation has a
penetration depth in diamond of �0.1–0.2μm [8], where the electric field generated by
the bias voltage is certainly present, given the values of γ. The IEC detectors seem to
be a very good choice to characterize the temporal evolution of the DPP emission.

4. – IEC diamond detectors and the DPP EUV radiation

In fig. 6 we report the schematic of the IEC detector bias circuit. This simple circuit
allows obtaining a positive signal with negligible distortion. The decoupling capacitor is
large enough to avoid distortions of the signal at the frequencies of our interest, as long
as the amplitude of the signal remains well below the absolute value of the bias voltage.
This capacitor works both as DC decoupling as well as power supply of the detector
during the EUV pulse. The LMR240 coaxial 50-ohm cable exhibits an attenuation of
�27 dB at 1GHz (for 100m cable)(1). The used oscilloscope (an old 1GHz Techtronix
DSA 602) can work at 1 ns effective sampling rate.

As already mentioned, to select the λ = 10–18 nm EUV band we filtered the DPP
emitted radiation by using a 150 nm thick Zr filter placed in front of the detectors.
The three tested diamond detectors have been positioned, one at time, in front of the

(1) As a comparison, in the case of the commonly used RG58-C/U this value is �60 dB.
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Fig. 7. – (5-5) IEC diamond detector signal for different bias voltages. The detector, with the
Zr filter, was at 43 cm from plasma. The signal of the PIN diode is reported as reference.

DPP plasma in the vacuum chamber, on the optical axis of the system. In order tobe
able to compare the signals of different detectors, obtained during different DPP shots,
the diamond detector signals have been normalized to the corresponding PIN diode
amplitude.

We studied the response of the IEC detectors for different values of V0 and determined
the best detector to be exploited to detect the DPP EUV emission. As an example, in
fig. 7 the signal of the (5-5) IEC detector is reported for various values of the bias
voltage V0. The higher the |V0|, the larger the signal of the IEC detector. Moreover,
the shape of the signal depends on V0. In particular, the amplitude of the fast EUV
initial peak depends on V0 in a stronger way than that of the slow components of the
EUV pulse. To correctly calibrate this kind of detectors, V0 must be carefully chosen.
To avoid possible detector damages, V0 = −80V has been chosen as a good compromise
for the working point.

In fig. 8 the signals of the three tested (5-5, 10-10 and 5-20) detectors are reported for
V0 = −80V. Since the effective sensible area of IEC detectors [1] is a narrow (�5–10μm)
region around the anode, the response of the three detectors resulted quite similar one
to each other. Based on various measurements, the (10-10) detector proved to be the
most stable and reliable.

Fig. 8. – Comparison of the tested IEC detectors (5-5, 10-10 and 5-20). The detectors, with the
Zr filter, were at 43 cm from plasma. The signal of the PIN diode is reported as reference.
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Fig. 9. – Comparison between the (10-10) IEC diamond detector signal and that of the PIN
diode. The diamond detector, with the Zr filter, was at 30.5 cm from plasma.

In fig. 9 a comparison between the (10-10) IEC diamond detector signal and that
of the PIN diode is reported. In this case, the diamond detector was placed nearer to
the plasma, to improve the signal to noise ratio. The EUV fast peak (�8 ns FWHM),
corresponding to the plasma transverse collapse and to the maximum plasma heating, is
now evident.

Removing the Zr filter from the (10-10) IEC detector, we exposed the detector to the
total band of the DPP emission. In fig. 10 the obtained signal is shown. By comparing
fig. 10 with fig. 9 and taking into account the doubled EUV components, due to the
absence of the Zr filter, one can estimate that the energy emitted in the λ = 10–18 nm
is similar to that emitted in the UV region, down to Egap. The plasma UV emission is
longer than the EUV one and it does not vanish when the discharge current inverts its
direction, because the plasma temperature remains high enough for the UV emission.

Even if the energy related to the fast initial EUV peak is a small fraction of the
total energy of the EUV pulse, the formation of the fast peak indicates that the plasma
is reaching its maximum heating [11]. Plasma dynamics also depends on the Xe gas
initial average pressure pi in the alumina tube. The value of pi [9] depends on the Xe

Fig. 10. – EUV+UV DPP emission obtained by the (10-10) IEC diamond detector, without Zr
filter, placed at 30.5 cm from plasma. The signal of the PIN diode is reported as reference.
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Fig. 11. – EUV emission vs. initial Xe gas pressure pi in the alumina tube, as detected by
the (10-10) IEC detector, with the Zr filter, placed at 43 cm from plasma. The main discharge
current is reported as reference.

gas inlet flux. This flux, in turn, depends on the Xe gas pressure pu upstream from a
50μm diameter nozzle. In fig. 11 the (10-10) IEC detector signal for different pi values
is reported. To obtain the plasma fast transverse collapse and the cylindrical shock wave
kinetic thermal contribution [11], that generates the fast EUV peak, the initial Xe gas
pressure, i.e., its initial density, must be high enough. Further analysis and experiments
on this plasma behaviour are planned.

5. – Conclusions

A DPP EUV source is operating at ENEA. It is suitable for various applications.
Recently, in addition to the already performed DPP characterizations, IEC diamond
detectors, developed and fabricated at URTV, have been utilized. Three IEC diamond
detectors (5-5, 10-10 and 5-20) have been tested and calibrated in the DPP EUV emission
spectral range. Thanks to the high speed response of these detectors, the fast EUV peak
(�8 ns FWHM), that occurs in correspondence with the plasma collapse and the plasma
maximum heating, has been better characterized than when using silicon PIN diodes.
By varying the initial Xe gas average pressure in the alumina tube, we observed that, to
obtain the plasma fast transverse collapse with the cylindrical shock wave kinetic thermal
contribution, the initial Xe gas density must be high enough.

Further experiments are planned both on the plasma dynamics and on diamond de-
tector characterizations.
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