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Abstract
The quantum e$ciency of back-illuminated silicon pn-junction detectors is evaluated in the spectral range from 1.2 to
1400 eV, comprising the near infrared, visible, ultraviolet and soft X-ray regions. The calibrations are performed with the
same device over the entire measured range, thus eliminating technological variations of the entrance window. Recent
technological developments have yielded detectors with near-theoretical quantum e$ciencies.

1. Introduction
Back-illuminated silicon pn-junction detectors
have shown their suitability in many "elds of application during the past years, just to mention the
pn-CCD, which will contribute to the focal plane
instrumentation of the X-ray Multi Mirror (XMM)
and A Broad-band Imaging X-ray All-sky Survey
(ABRIXAS) satellite missions, or the silicon drift
detector, used as a versatile detector in many applications such as material research [1,2].
Outstanding characteristics of these detectors
are their extended sensitivity to strong absorbing
radiation in the ultraviolet (UV) and soft X-ray
region. The spectral resolution for low-energy Xrays was signi"cantly improved by the application
of an ultra-shallow p` implantation at the rear

contact, which acts as the radiation entrance window. Further technologies imply an additional nimplantation at the rear pn-junction to increase the
electric "eld, well-de"ned annealing procedures to
reform an almost perfect crystal lattice after ionimplantation and a thin, high-quality SiO layer to
2
reduce interface traps [3,4]. In combination with
the large sensitive volume of 300 lm thickness,
these detectors are able to e$ciently detect radiation from the near infrared (IR) to the X-ray spectral region [5].
In this paper, we present the latest results of the
quantum e$ciency of these detectors. A pn-CCD
with a sensitive area of 1]3 cm2 and a pixel size of
150]150 lm2 was used for measurements in the
X-ray region. The detector, which consists of
a sub-unit of the pn-CCD focal plane camera developed for the XMM and ABRIXAS satellite
missions, was operated in a single-photon counting
mode. For a determination of the quantum e$ciency in the IR to vacuum ultraviolet (VUV) region,

the above-described pn-CCD was operated like
a photodiode, measuring DC-photocurrents. Due
to the concept of back-illumination, the di!erent
operating modes have no impact on the detector
response. Signal electrons are collected at the
n` substrate contact, which acts as the voltage
reference point in a CCD operating mode.
2. Experimental methods
2.1. Near IR to VUV spectral region
The facility used for measurements in the range
from 150 nm (8.2 eV) to 1000 nm (1.2 eV) consists of
a Seya}Namioka monochromator and a wallstabilized argon mini-arc light source [6]. The arcsource was operated at an electrical power of 2 kW.
Special precautions were taken to reduce straylight contributions in the UV-range below 1%.
Measurements in the UV and VUV range were
performed with a 1200 l/mm grating, while for
wavelengths above 350 nm a 600 l/mm grating was
applied. For a correct wavelength calibration of the
monochromator, characteristic emission lines of
dopand gases such as CO and N were used. The
2
2
output radiant power was in the order of 0.5 to
100 nW on an illuminated area of 2]2 mm2. The
determination of the absolute radiant power
was done by two recently calibrated photodiodes (IRD AXUV-100 G for the UV range and
HAMAMATSU S1337 at longer wavelengths).
Once a photon has passed the covering layers of
the detector, the internal quantum e$ciency (QE )
*/5
physically describes the probability to register signal charges which are generated by the photon.
Consequently, a non-perfect internal quantum e$ciency accounts for trapping and recombination of
signal charges in the detector bulk material and at
its interface to the SiO layer. The internal quan2
tum e$ciency of the detector is derived from the
measured spectral responsitivity s by the following
equation:
hc s
QE "
*/5 ej ¹

(1)

where ¹ denotes the transmittance of radiation
through layers covering the detector entrance win-

dow. In the visible region, the transmittance
¹ equals 1!R (R: re#ectance) of the detector
surface layers. This is not valid anymore in the
VUV-range. A signi"cant fraction of the incoming
radiation will be absorbed then. To account for
both re#ectance and absorptance, the Maxwell
equations for electro-magnetic waves transversing
a stack of adjacent layers at normal incidence were
solved [7]. To con"rm the calculations, the re#ectance of our detector for normal incidence was
determined by measurements. These experiments
were performed at the radiometry laboratory of the
Physikalisch-Technische Bundesanstalt (PTB) at
the electron storage ring BESSY [8]. To protect the
detector structures from possible radiation damages which might occur during re#ectance
measurements, an identical device from the same
wafer was used instead.
When "tting the e!ect of a SiO layer thickness
2
for a simple SiO }Si interface to the measured
2
re#ectance data, the calculations do not "t the
measurement data over the entire energy range.
Deviations occur for wavelengths below 250 nm. It
is necessary to pay special attention to the nature of
a silicon}silicondioxide interface. Due to di!erent
lattice structures, the transition from crystalline
silicon to a stoichiometrically correct SiO takes
2
several atomic layers, forming a SiO with
x
x ranging from 0 to 2. Due to the lack of optical
data for such a SiO formation, it was approxix
mated by one SiO-layer. Assuming a thickness of
1.5 nm and a SiO -layer thickness of 30.5 nm, the
2
measured re#ectance data are "tted excellently
within the entire range. Fig. 1 shows measured and
calculated re#ectance curves of our detector. Optical constants for calculations were taken from
literature [9].
2.2. X-ray spectral region
Measurements in the energy range from 150 to
1400 eV were performed at the radiometry laboratory of the PTB at the electron storage ring BESSY
in Berlin. At the SX-700 grazing-incidence monochromator, the electron current within the storage
ring can be used as a reference for the photon #ux
at the monochromator exit slit [10]. The absolute
number of photons per time unit and ring current

Fig. 1. Specular re#ectance in the 120 to 500 nm spectral range.
Measurements are indicated by diamonds. Calculations were
done for an SiO layer thickness of 30.5 plus 1.5 nm SiO. SiO
2
gives a good optical approximation for the SiO layer at the
x
transition from crystalline Si to SiO , which has a thickness of
2
a few atomic layers.

was determined before and after each measurement
by a calibrated reference diode. During CCD measurements, a chopper wheel reducing the intensity
by a factor of 10~4 was moved into the beam
to arrive at a photon #ux of approximately
800 s~1 cm~2. The CCD readout cycle and the
chopper wheel frequency were synchronized to
make sure that no photons hit the CCD during
readout time. The illuminated area was 40 mm2.
Depending on the photon #ux, the measuring time
per energy was between 30 and 50 minutes. More
than half a million counts were accumulated in one
spectrum.
Fig. 2 shows measured spectra of 200 eV, 500 eV
and 1 keV, respectively, merged into one plot.
Small asymmetries in the photo peak are due to the
escape of fast signal electrons out of the sensitive
detector volume and the recombination of signal
electrons close to the detector surface. The linearity
of the device is shown in Fig. 3. A single Gaussian
model was applied to "t the peak position, disregarding any peak asymmetries caused by the entrance window. Shifts in the peak position occur
either by charge losses close to the detector entrance window (recombination) or by nonlinearities of the pair creation energy of silicon.
Since no detector model was applied for the

Fig. 2. Measured spectra of the pn-CCD to monoenergetic
X-rays at 200 eV, 500 eV and 1 keV. Note that the three
measurements were merged for this plot. Only single-pixel
events were taken into account. The 200 eV measurement shows
a pile-up peak of approximately 5% at an energy value of
90 ADU, while a minor pile-up peak is seen at around 245 ADU
from the 500 eV measurement.

Fig. 3. Measured relative peak position as a function of incident
photon energy, normalized to 1400 eV. Non-linearities occur
due to loss of signal charge at the detector entrance window and
variations of the mean pair creation energy of silicon for lowenergy X-rays.

"tting of the peak position, the data give an upper
limit for changes in the pair-creation energy of
silicon.
The quantum e$ciency was derived as the ratio
of all reconstructed events during a certain period
of time to the total number of incident photons.
For a reconstruction of split events, a pattern recognition routine was used, which also eliminated

minimum ionizing particles being absorbed within
the detector volume during measurement time
[11].

3. Results
In the 950 to 300 nm spectral range, the internal
quantum e$ciency remains one (see Fig. 4), while
for longer wavelengths a decrease is observed, as
expected, due to radiation transversing the detector
without interaction. The absorption length of silicon changes by more than four decades within this
spectral region to values below 5 nm for a wavelength of 300 nm (4.1 eV). From examinations of
the rear p`-doping pro"le by secondary-ion mass
spectroscopy (SIMS) and spreading resistance pro"le (SRP) measurements, the pn-junction may be
derived to be placed at a depth of approximately
40 nm. A small surface recombination velocity and
long di!usion length are required for the collection
of signal electrons in the highly doped p`-region.
This is an indication of the high purity of our
detector bulk material and well-annealed crystal
lattice within the implanted region at the radiation
entrance side.

Fig. 4. Internal quantum e$ciency in the wavelength range
from 150 nm (8.3 eV) to 1000 nm (1.2 eV). Below 300 nm,
a quantum yield is achieved. The drop beyond 950 nm is due to
the beginning transparancy of silicon in the infrared.

Below 300 nm (4.1 eV) the quantum e$ciency
increases monotonously due to the onset of secondary ionization processes by primary generated
photoelectrons [12]. At 150 nm (8.3 eV) a quantum
yield of 2.6 is achieved. Unfortunately, measurement errors are dominated by the 1 sigma uncertainties in the reference diode calibrations, which
account for 4}8%. More accurate measurements
may be possible for example by recalibrating the
reference diodes with an electrical substitution
radiometer [13].
The quantum e$ciency in the X-ray region is
shown in Fig. 5. The drop in e$ciency just above
500 eV is due to the oxygen absorption edge in the
SiO layer in the region above 536 eV. No drop in
2
the e$ciency is seen around the nitrogen edge, as
expected, in contrast to front-illuminated CCDs,
which often rely on silicon nitride for their pixel
structures. Also shown is the pure absorption loss
of photons in the covering SiO layer thickness of
2
32 nm (including the transition layer between silicon and silicon dioxide). As already indicated by
the spectral purity of low-energy spectra (see
Fig. 2), internal losses of the detector material are
small. Every photon being absorbed in the
semiconductor is registered.

Fig. 5. Quantum e$ciency of a pn-CCD in the X-ray region.
The drop in the region above 536 eV is due to absorption in the
covering SiO layer. The estimation (dashed plot) is based on
2
absorption losses in this covering layer only. Additional losses of
the silicon detector itself cannot be observed within the uncertainties of the measurement. Every absorbed photon in
the silicon crystal contributes to an observable signal of the
detector.

4. Summary
The responsitivity of pn-detectors has been investigated in a wide spectral region. Correcting the
measured data for re#ectance and absorptance
losses in the covering SiO (and SiO ) layers, near2
x
theoretical internal quantum e$ciencies are
achieved in the IR to VUV spectral range. The
same model describes the quantum e$ciency in the
X-ray region as well. The spectroscopic performance for low-energy X-rays is mostly limited by
the ampli"er noise and not by the radiation entrance window.
Both types of measurements coincide with respect to the minimal internal charge loss mechanisms of our detectors. Further research, however,
is needed to obtain a correlation of the responsitivity in the UV-range and the shape of the X-ray
photo peak in single-photon counting mode.
Improvements in the on-chip ampli"er performance will allow one to perform measurements
across the silicon L-edges in a single-photon counting mode, thus obtaining insight in fundamental
solid-state properties of silicon.
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