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X-ray and UV photovoltaic Schottky photodiodes based on single crystal diamond were recently
developed at Rome “Tor Vergata” University laboratories. In this work, different rectifying
metallic contact materials were thermally evaporated on the oxidized surface of intrinsic single
crystal diamond grown by chemical vapor deposition. Their impact on the detection performance
in the extreme UV and soft x-ray spectral regions was studied. The electrical characterization of
the metal/diamond Schottky junctions was performed at room temperature by measuring the
capacitance—voltage characteristics. The diamond photodiodes were then tested both over the
extreme UV spectral region from 10 to 60 eV by using He-Ne DC gas discharge as a radiation
source and toroidal vacuum monochromator, and in the soft x-ray range from 6 to 20 keV at the
Diamond Light Source synchrotron x-ray beam-line in Harwell (UK). In both experimental setups,
time response and spectral responsivity were analyzed for all the investigated Schottky contact
materials. A good agreement between the experimental data and theoretical results from Monte

Carlo simulations is found © 2011 American Institute of Physics. [d0i:10.1063/1.3633219]

. INTRODUCTION

Diamond is a semiconducting material with extreme op-
tical and electronic properties'? that make it an ideal mate-
rial for the fabrication of high performance visible-blind
detectors for ultraviolet (UV) and soft x-ray (XR) radiation.’
Several attempts were made to build up photodetectors from
natural or synthetic diamonds.*> A great effort is also being
devoted to produce devices from synthetic single crystal dia-
mond (SCD) films grown by homoepitaxial chemical vapor
deposition (CVD) onto low-cost SCD substrates.®’

Different photodetector structures based on CVD dia-
mond have been reported by several research groups.*® A
promising approach is to use a Schottky photodiode (PD) in
a multilayered transverse configuration due to its low leak-
age current, low noise level, zero-bias operation, no signal
due to secondary electrons, fast response time, and good
responsivity.'®'" The main detection mechanism in Schottky
photodiodes is based on collection of photogenerated
electron—hole pairs in the depleted layer region beneath the
Schottky metal contact so that the development of good
Schottky contacts plays a significant role on the overall
detection performance of such devices.

Many authors have studied the electrical properties of
metal /diamond interfaces evidencing the importance of
physico-chemical treatments of diamond surface and of
Schottky metal contacts.'*'* The aim of this paper is to per-
form a systematic analysis of several rectifying metallic con-
tact materials on our diamond based photodiodes to
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investigate the physical properties of different metal /diamond
interfaces and their role in the detection performance in the
extreme UV and soft x-ray spectral region. To this purpose,
electro-optical measurements such as C-V characteristics,
spectral responsivity and time response evaluation were
performed.

Il. EXPERIMENTAL SETUP

The diamond photodetectors investigated in the present
study consist of a multilayered structure obtained by a three
step deposition process as reported in Ref. 11. This proce-
dure allows a nominally intrinsic single crystal diamond
layer, which is the detecting region, sandwiched between a
Schottky metallic contact of 3 mm in diameter and a highly
conductive boron doped diamond layer, acting as backing
contact. In Ref. 11, it has been also shown that the nominally
intrinsic layer acts as a slightly p-type doped layer with a
concentration of acceptor of the order to 10'* cm™>. The
scheme of the device is shown in Fig. 1.

Due to the small penetration depth of the extreme UV
radiation in diamond,'* a 2 um thick intrinsic diamond layer
was used for the measurement in this spectral region
(UV-PD in the following). In the case of soft x-ray detection,
similar detectors with an intrinsic diamond thickness of
about 30 um were used instead (XR-PDs in the following)
due to the higher penetration depth of the incident radiation.

UV-PDs were fabricated using Schottky contacts made
of five different semitransparent metals on the very same
SCD: 63 A thick silver (Ag), 68 A thick platinum (PY),
100 A thick aluminum (Al), 120 A thick chromium (Cr), and
70 A thick gold (Au). Their thickness was measured directly

© 2011 American Institute of Physics
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FIG. 1. (Color online) Schematic representation of Schottky diamond
photodiodes.

by a thickness monitor with a resolution of about 1 A. Exper-
imental tests were performed according to the following pro-
cedure: (i) the intrinsic diamond surface of the UV-PD
detector was metalized with a metallic contact, (ii) measure-
ments were performed and, (iii) the diamond surface was
carefully cleaned by wet etching before depositing a new
contact. The whole procedure was repeated a few times for
each metal contact to verify the repeatability and the reliabil-
ity of the cleaning/deposition process. As reported in Ref.
15, for contacts in the nanometer thickness range, contact
inhomogeneity may have an impact on the electrical proper-
ties. Although we cannot rule out such an effect in our case,
scanning electron microscope (SEM) observation did not
evidence any lack of uniformity.

The UV-PD has been tested in our laboratories over the
extreme UV spectral region from 10 to 60 eV using a He-Ne
DC gas discharge as a radiation source and a toroidal grating
vacuum monochromator (Jobin Yvon model LHT-30) with a
5A wavelength resolution. The photodetector response was
compared to that of a calibrated NIST silicon photodiode'®
placed in the same position by using a three dimension me-
chanical (X-Y-Z) stage powered by stepper motors. The pho-
tocurrent was measured by a Keithley 6517 A electrometer.
The UV-PD was encapsulated in a copper/vetronite shielded
housing with a 2 mm pinhole to collimate the radiation on
the sensitive area of the detectors and to obtain the same illu-
minated area on the silicon photodiode. In such a housing,
the top surface metal contact is grounded, and the photocur-
rent is measured from p-type diamond electrode so that the
signal is not affected by secondary electron emission current
from the illuminated contact.'”'® Only the internal photo-
current produced inside the diamond is thus measured.

In the case of the x-ray detectors, four similar XR-PDs
with different metallic contacts were tested at the beamline
B16 of Diamond Light Source (DLS) synchrotron: 100 nm
thick Al contact, 25 nm thick Pt contact, 22 nm thick Au
contact, and 20 nm Cr thick contact. A monochromatic beam
delivered by a double crystal monochromator was used in
the region from 6 keV to 20 keV. The beam was focused by
the beam line optics (spot size about 300 um) so as to be
completely intercepted by the sensitive area of the detector.
Due to the low energy of the beam, a tube filled with helium
was used to minimize the air path and to reduce the
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absorption. The detectors were operated in current mode and
a variable gain low noise current amplifier FEMTO model
DLPCA-200 (Ref. 20) was used as front-end electronics.
The XR-PDs under test were placed in a grounded metal box
on top of a high resolution translational stage so that high
precision positioning of the detector with respect to the beam
was achieved. The time response of the XR-PDs was meas-
ured by using a rotating mechanical chopper placed in front
of the x-ray radiation beam and a Tektronix oscilloscope.
Finally, a PTB calibrated silicon detector was also placed on
the translational stage nearly the diamond detector and used
during the energy response measurement.

lll. RESULTS AND DISCUSSIONS

The -V characteristics of the metal/diamond Schottky
junction of the photodetector were performed at room tem-
perature by using a Keithley 6517 A pico-ampere meter. The
I-V characteristics were obtained by applying a voltage to
the p-type diamond layer while earthing the metallic contact.
Figure 2 shows the typical /-V characteristic of the diamond
Schottky photodiode. A very high rectification ratio of order
of 10* was observed at +3 V. In the inset of the figure, the
I-V characteristic in forward region for the different metallic
contacts is also reported. In this region, the forward current
density is well described by the thermionic emission (TE)
theory and a rough approximation of the Schottky barrier
height, and the ideality factor can be extracted for the differ-
ent metallizations. Ideality factors below 1.8 were estimated
for all the investigated contacts with barrier heights in the
range between 1.8 and 2 eV.

Capacitance-voltage (C-V) measurements were per-
formed by using an Agilent 4284 A LCR meter to get infor-
mation on the depletion region width of the Schottky barrier
formed by the metal electrode, which extends within the
intrinsic diamond layer. In first approximation, at low fre-
quency, the junction capacitance of the device is approxi-
mated to that of a parallel plate capacitor so that the
depletion thickness W of the detector as a function of the
applied bias voltage Vg was estimated from the C-V data
according to the following equation:*'

10° F . : -

2
0k V_(Volt) j

10™E

-4 -3 -2 -1 0 1 2 3
V... (Volt)

FIG. 2. (Color online) Current—voltage (I-V) characteristics. Inset: magni-
fied view of /-V characteristic in forward voltage region for all the investi-
gated metallic contacts.
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the results of which are summarized in Table 1. For the four
2¢e0¢ (Ve + Vi) A . . 14 -3
W= T = &y&, c (D) tested XR-PDs devices, N, is of the order of 10°" cm™".
A

where A is the contact area, ¢ the electric charge, €, the
dielectric constant of free space, €, the diamond dielectric
constant, Vg the built-in potential at the Schottky barrier,
and N the concentration of electrically active defects.

Figure 3 shows the capacitance—voltage curves for both
UV-PD and XR-PDs with different metallic contacts at room
temperature and at 100 kHz frequency in the reverse bias
region. Using Eq. (1), a depletion thickness of about 2 um is
extracted from the experimental data for the UV-PD detec-
tors at all bias voltages applied (see Fig. 3(a)). Such a thick-
ness is approximately the nominally intrinsic diamond film
thickness thus demonstrating that the sensing layer is fully
depleted.

For the XR-PDs (see Fig. 3(b)), the width of the deple-
tion layer at zero bias voltage is evaluated to be approxi-
mately 1.25 uym, 1.4 um, 2 pum, and 2.15 um for Al, Cr, Pt,
and Au contacts, respectively. In this case, the depletion
width increases extending into the thick intrinsic diamond
layer as reverse bias increases up to 20 V.

Both the active defects concentration N, and the built-in
potential Vg can be derived from the results reported in Fig.
3(b) for the XR-PDs. The best fit of the experimental data
was performed by using Eq. (1) in the low voltage region,

TABLE I. Fit parameters of Eq. (1).

Active defects Built-in

Detector concentration N (cm ™) potential Vg (V)
XR-PD_Al 5.0x10™ 15
XR-PD_Cr 3.6x10' 12
XR-PD_Pt 3.1x10M 2.1
XR-PD_Au 7.3%x10™ 4.8

In the next sections, the effect of the metallic contact
materials on time response and responsivity of both diamond
based photodetectors is analyzed.

A. Extreme UV characterization

The normalized time response under illumination of He-
Ne DC gas discharge at zero applied voltage is reported in
Fig. 4 for the UV-PD with different metal contacts. The UV-PD
metalized with Ag, Pt, Al, and Cr shows fast rise and decay
times of the photocurrent. The responses are reproducible,
and undesired effects such as persistent photocurrent and pri-
ming or memory effects are negligible. The response time,
which was estimated to be about 60 ms, is completely
ascribed to the electrometer preamplifier time constant. On
the other hand, the detector operating with Au contact clearly
shows a slow component of the photocurrent to reach the

F 0 e —— VOO ——
Sy
'E 0.8} UV—PD -
£ ——Au
g A
g o06f 9 1
£ -~ Al
E . —— Pt
N 04} T
= Cr
g Slow component
z 021 / .
0.0 == ; - ; b
0 30 60 90 120 150
Time (s)

FIG. 4. (Color online) Normalized time response under illumination of
He-Ne DC gas discharge radiation source of the UV-PD for the different
metals.
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plateau value once irradiated and a photocurrent persistence
decaying exponentially with a time constant of about 4s.
This behavior of the Au contact has been checked by repeat-
ing a few times the whole cleaning/metallization /test proce-
dure, both on the investigated SCD sample and on different
samples. In all cases, a slow component of the photocurrent
was always observed using thermally evaporated Au.

The emission spectrum of the DC discharge He-Ne lamp
in the 10-60 eV energy range was then measured by the
UV-PD for each different metallic contact. The absolute
responsivity of UV-PD, expressed in amperes per watt
(A/W), was evaluated from the obtained spectra by compar-
ing the diamond response with the one of a calibrated silicon
photodiode. The results are shown in Fig. 5. All the obtained
responsivity curves show a minimum between 15 and 20 eV.
A monotonically increasing responsivity is observed at
higher photon energy for all cases with the exception of Cr,
the responsivity of which decreases above 40 eV.

An accurate estimation of the responsivity obtained
from the Au contact is not reported in this paper because the
photoresponse was affected by persistent photocurrent and
high noise even at low level signals.

The experimental data were compared with the theoreti-
cal curve obtained by calculating the fraction of energy de-
posited in the diamond layer and by taking into account
absorption losses in the Schottky metal electrode:*

( 1 — e_“diadeiam )e_aMelaldMelal

Ria/w) = E(eV)

(@)

where E is the mean electron-hole pair creation energy
(13.2 eV for diamond), « is the absorption coefficient of the
materials, Dg;am 18 the active diamond thickness, and dyjera 1S
the thickness of the metallic contact. The transmission values
in Eq. (2) are readily calculated from the material thickness
and the known x-ray optical data for elements.”* The dashed
lines plotted in Fig. 5 are the results of the fit calculated
according to Eq. (2). The thickness of the tested metallic
contacts and the effective thickness of intrinsic diamond

estimated by the C-V curves were taken into account.
Clearly, the fit curves do not reproduce the experimental
data, thus indicating that other contributions must be consid-
ered when calculating the device responsivity. Because the
UV-induced charges are generated at the metal/diamond
interface, such a contribution could be related to the diamond
surface properties. In the investigated photon energies, the
penetration depth of photons in diamond shows a deep mini-
mum at about 16 eV,'*** the trend of which is qualitatively
similar to the responsivity curves observed in Fig. 5. This
suggests the existence of a dead layer located at diamond
surface probably related to the recombination of photo-
generated carriers close to the metal-diamond interface.”**’
In this region, in fact, the photogenerated carriers could be
trapped very efficiently by the defects of the diamond surface
giving a low contribution to the photocurrent. Under this
assumption, in first approximation, Eq. (2) must be multi-
plied by the additional term exp(-tigiamddiam), Where otgiam(4)
is the diamond absorption coefficient and d;,, is the thick-
ness of the dead diamond layer.

The responsivity curves reported in Fig. 5 as solid lines
are the results of the fits using the values reported in Table II.
They show a good agreement with the experimental data for
all tested metallic contacts.

B. Soft x-ray characterization

Figure 6 shows the XR-PD photocurrent measured dur-
ing 10 keV x-ray irradiation chopped at 3.9 kHz. Rise and

TABLE II. Fit parameters of Eq. (2) multiplied by the additional term exp
('adiamddiam)-

Depletion layer Dead diamond Metal contact

Detector W (um) =Dgiamn  layer dgjam (nm)  thickness dyeq (NM)
UV-PD_AI 1.84 7.0 10
UV-PD_Cr 1.90 55 12
UV-PD_Pt 1.91 5.5 6.8
UV-PD_Ag 1.86 5.8 6.3

Downloaded 19 Mar 2012 to 160.80.88.68. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



054513-5 Ciancaglioni et al.
10k Bleam ON I Beam OFFI Beam (I)N
----- XR-PD_Auy

S 08} | —— XR-PD_Cr; i
© ) y
[0]
2
S 06
Q.
(7]
o
- 04
(0]
N
©
g 0.2
(o]
zZ

0.0

1 1 1 1
53 54 55 5.6 57 5.8
Time (ms)

FIG. 6. (Color online) Temporal response of the XR-PDs under
x-ray beam chopped at 3.9 kHz.

10 keV

decay times of the photoresponse of about 50 us are
observed for all the investigated contact metals, a value
roughly corresponding to the full opening time of the aper-
ture of the mechanical chopper. The slow component
observed in the UV measurement when using gold contact,
could not be measured in this case, being its time scale
approximately five orders of magnitude longer than the
adopted chopping time.

The absolute responsivities versus x-ray photon energy
were obtained by comparing the currents measured in dia-
mond with the PTB silicon current and applying the proper
calibration factors. The experimental data reported in Fig. 7
were obtained for the tested XR-PDs in the 6 keV to 20 keV
energy range. Due to its 30 um thickness, the intrinsic dia-
mond layer is only partially depleted in the adopted unbiased
operating conditions and carriers generated outside the
depletion region within the minority carrier diffusion length
L are collected too (see Fig. 1). Therefore both drift and dif-
fusion contribution to the current due to photogenerated
carriers must be taken into account. Previous results''=
show that the diffusion length L is about 2.6 um. This value
is added to the depletion layer thickness calculated from the

J. Appl. Phys. 110, 054513 (2011)

C-V curves to evaluate the effective thickness of the active
diamond layer of XR-PDs.

The energy deposited in the diamond was thus obtained
by using the actual thickness values reported in Table III for
both the evaporated metal contact and the active diamond
layer.

The x-ray high penetration depth makes the previously
mentioned dead diamond layer negligible. The fitting curves
(dashed lines in Fig. 7), however, do not satisfactorily repro-
duce the experimental the data, especially for Pt and Au con-
tacts. The described procedure only takes into account
energy deposited in the detector by carrier photo-generation.

Energy deposition is, however, an inherently stochastic
process in which other channels besides carrier photogenera-
tion occur, each with its proper cross section and detector ge-
ometry dependence. In particular, in the x-ray region, it is
very important to take into account the physical interactions
of radiation with matter, i.e., Compton photon scattering,
photo and knock-on secondary electrons, which are not con-
sidered in the fitting procedure described in the preceding
text. To accurately simulate the ionizing mechanism inside a
detector volume, Monte Carlo methods must therefore be
used. A 3-D Monte Carlo simulation of the experimental
data was performed by using the MCNP-5 radiation transport
code.”” The simulation was carried out using the data
reported in Table III. The results of the Monte Carlo simula-
tion, reported in Fig. 7 as solid lines, are now in good agree-
ment with the experimental data.

The observed large difference in responsivities among
the four tested XR-PDs reflects the difference interaction
between x-ray beam and different metal contacts material. In
particular, the responsivity of detectors with Pt and Au con-
tact is higher than that of detectors using Al and Cr contacts.
Indeed, platinum and gold have an atomic number (Zp =78
and Z,, =79) higher than aluminum and chromium (Z; = 13
and Zc,=24), so as to produce many photo and knock-on
secondary electrons that substantially contribute to the
energy deposition in the diamond layer. This is even more
evident at high photon energies, above 10 keV, where a clear

107 . : :
s XR-PD_Cr|
<
>
=
[72)
c
<3
3
14

FIG. 7. Experimental and theoretical spectral respon-

XR-PD_Pt

Responsivity (A / W)

sivity of the XR-PDs in the range from 6 to 20 keV.
The dashed lines are the results of the fit calculated by
Eq. (2). The solid line curves correspond to Monte
Carlo simulations.
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TABLE III. Parameters employed in the Monte Carlo simulations.

Depletion  Diffusion  Active diamond  Metal contact
layer W length L thickness thickness
(Hm) (/’tm) w + L dmelul (nm)

Detector (um) = D giam

XR-PD_Al 1.25 2.60 3.85 100
XR-PD_Cr 1.40 2.60 4.00 20
XR-PD_Pt 2.00 2.60 4.60 25
XR-PD_Au 2.20 2.60 4.80 22

change in the behavior of the responsivity curves is observed
for both metals.

IV. CONCLUSIONS

Performance parameters such as time response and spec-
tral responsivity were analyzed for a single crystal diamond
photodiode in the extreme UV and soft x-ray spectral region
as a function of the Schottky metal contact material. The
results show that the electro-optical performance of a dia-
mond detector is influenced by the used metal and the energy
dependent absorption length of the detected radiation.

In the extreme UV region, all contacts, except the Au
contact, show similar behavior in terms of time response, and
no undesired effects such as persistent photocurrent or mem-
ory effects are observed. The responsivity of UV-PD with
Ag, Al, Cr, and Pt contacts show similar trends in the energy
range from 10 eV up to 60 eV, increasing toward the edges
of the investigated spectral range and showing a minimum at
intermediate photon energies between 15 and 20 eV. This is
attributed to the photon induced carriers, which, in this spec-
tral region, are generated mainly close to the metal /diamond
interface. The results of the fitting procedure show that a
dead diamond layer must be taken into account; this is most
likely related to the high recombination of photo-generated
carriers near the metal electrode and significantly affects the
detector responsivity. The thickness of this dead layer
region was observed in the range between 5.5 and 7 nm.

The spectral responsivities of the XR-PDs were meas-
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were explained in terms of the different Z-numbers of the
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