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g Institut d’Electronique, de Microélectronique et de Nanotechnologie (IEMN) F-59652 Villeneuve d’Ascq, France
h Physikalisch-Technische Bundesanstalt (PTB), Abbestr. 2-12, D-10587 Berlin, Germany

i Advanced Materials Laboratory, National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba 305-0044, Japan

Available online 13 December 2005
Abstract

New pin-photodiode and metal–semiconductor–metal (MSM) photoconductor devices based on diamond material have been produced

showing high responsivity around 200 nm. LYRA, the Large Yield RAdiometer, will use such detectors for the first time for a solar physics

space instrument. A set of measurement campaigns was carried out to obtain their XUV-to-VIS characterization (responsivity, linearity,

stability and homogeneity). The diamond pin and MSM photodetectors exhibit a high responsivity of 27 mA/W around 200 nm and

demonstrate a visible rejection ratio (200 nm versus 500 nm) of six and four orders of magnitude, respectively. We show that these diamond

photodetectors are sensitive sensors for the wavelength range of interest (1 nm to 220 nm), stable within a few percent, with a good linearity

and moderate homogeneity.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

LYRA, the Large Yield RAdiometer [1], is a solar VUV

radiometer that will embark in 2007 onboard PROBA-2

(PRoject for On-Board Autonomy), a technologically orient-

ed ESA micro-mission conceived for the purpose of

demonstrating new technologies with prototype payloads.

LYRA will monitor the solar irradiance in four selected UV

passbands (1 to 220 nm). It will be the first space

assessment of a pioneering UV diamond detector program

[2]. Diamond makes the sensors Fsolar-blind_: insensitive if

exposed to the solar spectrum below the Earth atmosphere
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(at sea level). By using diamond detectors, the number of

filters usually needed to block the unwanted visible radiation

can be reduced and the serious attenuation of the desired UV

radiation can be avoided. For the LYRA project, two types

of diamond detectors are developed: photodiode (pin) and

photoconductor (MSM) detectors.

2. Structure

Several detectors of circular shape have been fabricated for

LYRA. The reported samples are designated PIN7 and MSM8

in the LYRA project as well as throughout this paper.

Detector structures were developed in a joint collaboration

between IMO-IMOMEC in Belgium, NIMS in Japan and

Garching Analytics GmbH in Germany. Photographs of the

pin and MSM detectors mounted inside their rectangular

ceramic package are shown in Fig. 1.
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Fig. 1. Photographs of the diamond pin photodiode (left) and MSM photoconductor (right) in their ceramic package.
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2.1. Pin photodiode

The homoepitaxial layers of the pin detectors were

deposited in two different ULVAC stainless steel chamber

plasma-enhanced microwave deposition reactors. Each appa-

ratus is solely used for one type of doping, i.e. p-type (boron)

or n-type (phosphorus), in order to avoid unwanted contam-

inations of the chemical vapor deposition (CVD) diamond

layers. After a careful selection and chemical oxidation of

{111}-oriented, 5 mm in diameter and 0.5 mm thick HPHT Ib

diamond substrates from Element Six, an epitaxial p type

boron-doped layer is deposited. Typical process parameters are

a pressure of 100 Torr, a substrate temperature around 900–

950 -C and a microwave power of about 400 W. The intrinsic

and phosphorus-doped n-type layers are deposited at a slightly

higher microwave power (700 W) and lower substrate

temperature (870–900 -C). In order to make an electrical

contact to the B-doped layer, a circular Al film (4.2 mm in

diameter) is deposited on top of the structure. This layer, acting

as a mask during the RIE, is chemically removed afterwards.

As a last step, two ohmic contacts are evaporated: Ti/Al (50/50

nm) for the p-type layer (ring) and a thin Al layer (>10 nm)

with a transmittance of typically 20% to 50% for the top

contact.

2.2. MSM photoconductor

A new photoconductor detector design using a Ti/Pt/Au

multilayer structure for the interdigitated electrodes is investi-

gated in this work. A ¨0.8 Am thick diamond layer was grown

epitaxially on single crystal IIa (purest natural) diamond

substrates (500 Am thickness) using microwave-plasma en-

hanced chemical vapor deposition (MWPE CVD) technology.

Homoepitaxial growth procedure details are given elsewhere

[3]. A metal ring contact on the perimeter of the mesa defines the

active area of the MSM photodetector, which has an inner

diameter of 4.2 mm corresponding to an optical detection area of

13.9 mm2. Metallization of contacts is Ti/Pt/Au with thicknesses

of 20/10/200 nm for the ring and middle contact and 20/10/80

nm for the fingers, respectively. The metal fingers have been

processed to 2 Am in width with spacing between the contacts of

15 Am. A technique based on laser annealing was applied to

improve the ohmic properties of titanium on diamond.
3. Experimental setup

The synchrotron radiation campaign was carried out at the

soft X-ray grazing incidence (GI) radiometry beamline

(wavelength range 1 to 30 nm) and at the normal incidence

(NI) beamline (40 to 240 nm) of the Physikalisch-Technische

Bundesanstalt (PTB) laboratory at the storage ring Berliner

ElektronenspeicheringGesellschaft für Synchrotronstrahlung

(BESSY II). Details of the description of the PTB/BESSY II

measuring stations can be found in [4,5]. To cover a wide

spectral range from 1 nm to 240 nm, different filters and

beamline mirrors are used to suppress higher order contribu-

tions to the selected bandwidth. This divides the entire range

into four sub-ranges: 1–30 nm (GI), 40–80 nm, 80–115 nm

and 115–240 nm. Between these ranges, filters and mirrors are

changed so that a spectral cleanliness is guaranteed to the level

that higher order contributions are negligible. The radiometric

uncertainty of the measurements was estimated to be better

than a few percent in absolute terms. Individual measurements

were repeated to check stability and reproducibility.

For the longer wavelength range, monochromatic light is

generated with a water cooled UV-enhanced 150 W Xe-lamp

(k>210 nm), a monochromator and some appropriate filters.

For the low energy region, the Xe-lamp is replaced by a

tungsten halogen-lamp (k >350 nm) at IMO-IMOMEC. The

intensity of the light is modulated by means of a mechanical

chopper placed in front of the entrance slit. A schematic

representation of the setup can be found in [6].

4. Results and discussion

4.1. Absolute spectral responsivity

The absolute spectral responsivity curves of PIN7 and

MSM8 (under 5 V bias voltage) are shown in Fig. 2. Note

that the pin photodiode is operated in a photovoltaic mode

(unbiased). The data from IMO-IMOMEC (210 nm to 1000

nm, measured on a relative scale) were matched to the

absolute data from PTB/BESSY II (1 nm to 240 nm). For

clarity, we did not plot the estimated error bars to the data

points. A compilation of their contributions to the measure-

ment uncertainties in the spectral responsivity is given in

[7,8].
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Fig. 2. Absolute spectral responsivity (in A/W) of PIN7 and MSM8 between 1

nm and 1000 nm.
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The responsivity of PIN7 and MSM8 show the diamond

band edge to be around 225 nm and displays a UV/visible ratio

(200 nm/500 nm) of six and four orders of magnitude,

respectively. Detectors show a high responsivity around 200

nm of approximately 27 mA/W.

The responsivity of PIN7 decreases dramatically at higher

energy due to the absorption of the 300 nm thick n-type layer

associated with the abrupt drop of the diamond penetration

depth which is around 20 nm at 170 nm wavelength. Thus,

electron-hole pairs are created very close to the surface and

recombine before reaching the depletion region. The respon-

sivity of PIN7 becomes negative around 165 nm wavelength

with an extremum of approximately �0.5 mA/W at around

75 nm wavelength. This is not well understood and needs

further investigation. When going to higher energy, the

responsivity starts to increase. It reaches positive values at

about 17 nm.

For MSM8, the responsivity decreases by typically a factor

of 5 to 10 at 100 nm. This may be related to surface effects, to

the peak of the reflectance around 105 to 110 nm and also to

the abrupt drop of the penetration depth. Around 95 nm, the

responsivity of MSM8 starts to increase slowly. In the EUV
0 500 1000 1500 2000 2500 3000
1E-13

1E-12

1E-11

1E-10

1E-9

1E-8

1E-7

1E-6
at 200 nm

 PIN7

 MSM8(5V)

A
bs

. S
ig

na
l /

 A

Time / s

Fig. 3. Absolute signal in ampere of PIN7 and MSM8 as a function of time (left) at

different percentage of the full beam.
spectral range (1 to 25 nm), the responsivity reaches higher

values. The external quantum efficiency (EQE) starts to be

higher than unity (i.e. >100%) around 25 nm. The responsivity

shows a maximum of 74 mA/W for MSM8 at 6 nm. The

responsivity, measured in finer steps around the carbon

absorption edge at 4.4 nm (i.e. 284 eV), varies strongly

depending on the device. At around 2 nm, the responsivity of

both photodetectors starts to decrease, which can be related to

the low atomic number (Z =6) of diamond. This implies a small

(capture) cross section, thus reducing the sensitivity of the

detectors to higher energies (X- and E-rays [9]).

4.2. Signal stability of the devices

The stability of the responsivity under irradiation over

prolonged periods is a mission goal for a solar instrument like

LYRA. The signal stability was measured at 200 nm for PIN7

and MSM8 as shown in Fig. 3. In order to characterize the

temporal response of the detectors, the beamline shutter was

opened and closed approximately every 1000 s. As seen in the

figures, PIN7 and MSM8 show a good stability on a wide

temporal range with a negligibly small background detrapping

current of approximately 4�10�13 A for PIN7 and a small

room-temperature dark current of a few pA all over the MSM8

area. After an exposition of 1000 s at full beam, the dark

current of MSM8 decreases slowly from 49 to 10 pA at 200

nm. Given negligibly low dark current, this variation is

insignificant in absolute terms. To adjust the incident photon

flux at the NI beamline, we used aperture stops of different

diameters, which cut the beam to a certain percentage of the

full beam (approximately 50%, 24%, 12%, 3% and 1%). It can

be observed (Fig. 3, right panel) that PIN7 responds quickly to

the signal change and returns to its initial dark-signal values

after short cycle times irradiation. MSM8 responds fast to the

signal change but does not return to its initial dark-signal

values after irradiation. When the shutter is closed, the initial

dark current seems to be dependent on duration and on the flux

of previous exposures, consistent with the rather long time

constants observed.
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200 nm. At the right, the response is shown as a function of time at 200 nm at
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Fig. 4. Flux linearity of PIN7 and MSM8 (photocurrent vs. incident power) at

200 nm with the fitted function I =aPb. The inset shows the responsivity as a

function of incident radiant power. The lines are guides for the eye.
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4.3. Linearity with photon flux

The linearity of PIN7 and MSM8 was investigated using

different aperture stops to reduce the radiant power to lowest

measurable values (minimum 1% of the full beam power) or

by varying the exit slit of the respective monochromator. The

absolute input radiant power was determined for each aperture

by direct comparison with a calibrated PTB reference

photodiode. Fig. 4 shows the linearity with photon flux of

PIN7 and MSM8 at 200 nm wavelength. We used a power

law: I =aPb to fit the data. The fitted parameters for PIN7 are

a =0.02711T0.00002 A/W and b =1.01887T0.00133, which

implies a slightly super-linear dependence of the output

signal on the incident power (b =1 for linear response). For

MSM8, a sublinear dependence (a =0.00188T0.00011 A/W and

b =0.9301T0.00355) is obtained. Note that the responsivity of

PIN7 at 200 nm increases with increasing incident light

power (see inset of Fig. 4). For MSM8, it decreases up to a

saturation level of ¨0.35 AW after which the responsivity

remains almost constant indicating a linear response with

increasing incident light power (R”Pb�1).

4.4. Homogeneity of responsivity (flat field)

The lateral homogeneity of the response (‘‘flat-field’’) of

the PIN7 and MSM8 were tested at different wavelengths.

Fig. 5a and b show the horizontal and vertical line scans of

the response of PIN7 and MSM8 at 200 nm incident

wavelength. The relative responsivity maps were built by

normalizing the current to its maximum value to aid

comparison. The impact of the full beam size (2 mm

horizontal and 1 mm vertical at the NI beamline) on the

measured profile must be taken into account. The homoge-

neity of the pin photodiodes seems to be good with a 5%

to 10% deviation observed due to the thick Al layer for the

n contact electrode. The sharp dip in sensitivity (20% to

40% deviation) observed at the centre of MSM8 is related

to the geometrical arrangement of the contact electrode
(shadowing by the middle Ti/Pt/Au contact, cf. Fig. 1).

New device architectures are under development to maxi-

mize the fill factor and increase the homogeneity of the

MSM photodetectors.

5. Conclusions

New diamond photodetectors with a photosensitive surface

area of 13.9 mm2 (< 4.2 mm) have been fabricated. The

stability, responsivity, linearity and homogeneity have been

tested before final selection of flight model detectors for the

solar mission LYRA. The responsivity has been characterised

thoroughly in the wavelength range from 1 nm to 1.1 Am. Pin

photodiodes, only used for the Herzberg channel (200–220

nm) due to the high response there, show a sharp diamond band

edge around 225 nm and indicate a visible rejection ratio (200

nm versus 500 nm) of six orders of magnitude. In the

wavelength range of interest, pin photodiodes are reasonably

homogenous, linear and stable under brief irradiation. MSM

detectors indicate a visible rejection ratio of more than four

orders of magnitude. The responsivity is reasonably uniform,

stable under brief irradiations with a small dark current drift.
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Although these devices proved their general suitability for

space applications, there is a general need in solar missions for

large size (area), reproducible and highly VUV sensitive

photodetectors.
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