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Semiconductor Drift Detectors: Applications
and New Devices
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Recent technological developments and new topology designs have made semiconductor drift detectors
ideal devices for high-resolution x-ray spectrometry. In this paper the basic topology of a semiconductor
drift detector with on-chip electronics specially designed for x-ray spectrometry is reviewed. These devices
have been used for the first time in x-ray andy-ray spectroscopy applications. In particular, the results
obtained in non-destructive analyses by using a EDXRF spectrometer based on a Peltier cooled semiconductor
drift detector and in photodetection of scintillation light are reported. The working principle and the first
experimental results for a novel position-sensitive x-ray detector with spectroscopic capability are presented.
Copyright © 1999 John Wiley & Sons, Ltd.

by the incident x-ray in a buried potential channel. An
electrostatic field parallel to the surface is superimposed
to transport the signal charge to the collecting electrode.
In the field of x-ray spectrometry, high-energy resolution =~ The SDD allows one to determine also the position of
and low-energy detection capability are basic require- incidence of ionizing radiation. As the measure of the
ments. The energy resolution of a detection system position of incidence of the radiation is obtained by mea-
depends both on the intrinsic resolution of the detector suring the drift time of the signal electrons, a reference
and on the electronic noise of the system. The intrinsic signal synchronous with the beginning of the drift of the
resolution of the detector depends on the statistical fluc- signal electrons is needed. With x-rays this reference sig-
tuations related to the conversion mechanism and sets anal must be provided by the SDD itself. One way to
lower limit to the achievable resolution. The noise added obtain a reference signal by exploiting the induction of
by the readout electronics depends both on the detectorthe holes on the field electrodes has been proposed and
characteristics (leakage current and output capacitancelestec® However in order to have a high spatial resolution
and on the characteristics of the front-end electronics. In a large number of readout channels for the signal induced
order to improve the achievable energy resolution, the by the holes is needed. Moreover, a high event-rate capa-
detector capacitance and the stray capacitances connectejility is limited owing to the possible occurrence of ghost
to the output node should be minimized. Moreover, the events. To overcome these problems, a novel position-
input capacitance of the front-end electronics should be sensitive x-ray detector with spectroscopic capability has
‘matched’ to the detector capacitance. been designed and tested. In the new device the pixel
The semiconductor drift detector (SDD), developed by structure typical of a charge-coupled device and the fast
Gatti and Rehak in 1983is characterized by a low output  readout typical of a SDD are combined.
capacitance (of the order of 100 fF), independent of the  This paper is centered on the activity of the research
active area. The integration of the first stage of the front- group at the Politecnico di Milano in the field of drift detec-
end electronics directly on the detector chip allows the tors and applications. First the relevant characteristics of
designer to reduce the stray capacitances and to satisfy th&DD especially designed for x-ray spectrometry and the on-
matching condition. The low output capacitance results in chip electronics are described. This detector has proved to
a higher energy resolution at shorter shaping times with pe an ideal device for applications in x-ray angay spec-
respect to conventiongin diodes of the same active area. troscopy. The first results obtained in these applications
The basic idea of the SDD s to deplete fully the semi- are presented. The final section is devoted to the descrip-
conductor wafer (usually n-type) through a sméalbontact  tion of the working principle of a novel position-sensitive
reverse biased with respect to theimplants realized on  x-ray detector with spectroscopic capability together with
the two surfaces of the detector. The field created by the the analysis of the first experimental results.
remaining fixed charges confines the electrons generated
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Figure 1. Schematic diagram of the SDD with on-chip JFET for x-ray spectrometry.

symmetry of the detector is radial, with a structure com- been implemented in electron probe microanalyZdse
posed of p concentric rings implanted on the front side module offers a typical energy resolution of better than
of the device. A continuous*pjunction implanted on the 160 eV at the Mn k& line at a working temperature
rear side of the detector acts as radiation entrance win-of —15°C. With respect to conventionally used Si(Li)
dow. With respect to the traditional SDD architecture, detectors, the Peltier-cooled SDD module avoids the use
where p rings were also integrated on the rear side, bet- of a liquid nitrogen cryostat and operates at the optimum
ter soft x-ray detection is achieved by avoiding signal energy resolution with low values of the shaping time
electron trapping in the surface minima under the oxide (<2 ps).
layer between adjacent ringshis feature, together with A portable EDXRF spectrometer based on the SDD
careful tailoring of the shallow implantation of the’p  module and on a miniaturized x-ray generator (Oxford
back electrodé,allowed us to obtain a detector with an  TF3001, 30 kV, 10QA) has been developed. In Fig. 2, a
effective ‘dead’ layer at the entrance window smaller than photograph of the measurement head of the spectrometer
150 A, giving a quantum efficiency higher than 80% at is shown during a measurement on a fresco painting in
the carbon I& line (277 eV). At high energy, the x-ray a church in Bergamo (ltaly). The performance of this
detection efficiency, limited by the total thickness of the instrument has been evaluated in several campaigns of
device (300um), is higher than 90% at 10 keV and 50% measurements performed on works of art directly ‘in-the-
at 15 keV. field’.® As an example, in Fig. 3 the fluorescence spectrum
To take full advantage of the intrinsic low output measured with the portable spectrometer on a point of a
capacitance of the SDD, the input JFET of the ‘front-end’ painting attributed to the sixteenth century is reported.
electronics has been integrated in the central region of theFrom the spectrum, the characteristic lines of Ti and
detector, with the gate connected to the anode by a metalzn can clearly be identified. Considering that pigments
strip (Fig. 1). In this way a correct capacitive matching containing Ti and Zn have been introduced only recently
between the detector and the first stage of amplification (in the last two centuries) in the painting technique, the
is achieved and the stray capacitances of the connectionsinalysis showed that the painting surface is not original.
are minimized. This solution has also the advantage of |n the field of y-ray spectrometry, the use of an SDD
reducing the sensitivity of the detector to the microphonic as a photodetector for the light emitted by scintillating
noise. The integrated transistor is a non-conventional n-crystals allows the improvement of energy resolution
channel JFET, designed to be operated on fully depletedperformance. With a first prototype obtained by coupling
high-resistivity silicor?. a CslI(T1) crystal with an SDD with on-chip electronics of
With an SDD of the type shown in Fig. 1 (active area 7 mn¥ active area, a state-of-the-art energy resolution of
3.5 mnf) an energy resolution of 227 eV FWHM at the  7.49% and 4.34% FWHM (Fig. 4) was obtained at room
Mn Ke line (5895 eV) was obtained at room temperature temperature at 122 and 662 keV, respectively. Moreover,
with a shaping time of 0.fs. The resolution improves to  a low energy threshold was reached with the same system:
152 eV FWHM at—20°C and to 139 eV at-120°C, for 10 keV at room temperature anet4 keV at O°C.1°
a shaping time of qs. The high resolution obtained also  According to these results, arrays of SDDs coupled to
at shorter shaping times (162 eV at 250 ns-d20°C) scintillation crystals are a promising solution for the
makes the SDD an ideal device for high-rate spectroscopicdetection of hard x-rays ang-rays in a wide range of

experiments (EXAFS, x-ray holography) at synchrotron gapplications in astrophysics and nuclear medicine.
light sources.

x-ray and y-ray spectroscopy applications A NOVEL POSITION-SENSING X-RAY

. . . DETECTOR WITH SPECTROSCOPIC
The good energy resolution obtained with SDD also capaBILITY

at room temperature or at moderately low temperature
(—15°C) has recently motivated the development of a
small and compact detection module based on an SDDA novel position-sensing x-ray detector with spectro-
cooled by a Peltier system. The SDD module has alreadyscopic capability, called controlled-drift detector (CDD),
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Figure 2. A portable EDXRF spectrometer, based on a Peltier-cooled SDD, during a measurement on a fresco painting in a church
(Bergamo, ltaly).

L L of the SDD with the pixel structure typical of the charge-
6000 - Ca(Koy i coupled device. _

The basic structure of the so-called ‘front-driven’ CDD
is illustrated in Fig. 5. Detailed descriptions of this and
other CDD structures are given elsewh&rdhe detec-
tor is operated in the integrate-readout mode. During the
integration phase the majority carriers generated by the
incident x-rays are rapidly collected from the entire wafer
thickness (typically 30@m) and are stored in a matrix of
integration wells, deep in the detector volume. Three on-
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Energy [keV] with linearly increasing negative potentials along a col-

Figure 3. X-ray fluorescence spectrum of a point on a painting. umn, going fa_rther from the output eI_ectrode. A contin-
The characteristic lines of Ti and Zn can be clearly identified. uous g layer implanted on the rear side of the detector

is used as the entrance window for the x-rays. The lat-
eral confinement is achieved by means of channel-stop
, , , 5000 deep p-implant$?*® The pixel size is 18& 180 um? and
— it determines the position resolution achievable with the
15000 CDD. The pixel size is given by the period of the per-
turbation reproduced with the peculiar biasing scheme. A
14000 smaller period, leading to smaller pixels, and/or a different
shape of the perturbation can also be designed. The small-
13000 est pixel size is given by the minimum period required to
achieve charge confinement. However, other constraints
12000 such as the requirement of a minimum distance of the
potential wells from the surface or a limitation in the
11000 amplitude of the perturbation that can be applied deter-
mines the minimum pixel size in practice. In order to
: : : - - - : 0 start the read-out phase, the potential barriers that pre-
0 100 200 300 400 500 600 700 800 vent the drift of the charge packet during the integration
Energy [keV] phase are removed by a small bias change of suitable field
Figure 4. Spectrum of the '*'Cs radioactive source measured strips. The fast transport of the integrated charge packet FO
with the Csl(Tl) SDD detector. the output electrode, placed at the end of each column, is
accomplished by means of an electrostatic field, as in the
SDD. Full depletion of the detector wafer allows for high
has been recently desigrté@dnd characterized. The basic x-ray efficiency, small output capacitance and backward
idea of the CDD is to join the continuous readout typical illumination.
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Figure 5. Cross-section (not to scale) along the drift coordinate of the controlled-drift detector. The time evolution of the low-voltage
(LV) and high-voltage (HV) nodes of the dividers are shown.

E9 Figure 6 shows the simulated electron potentaV ) of
A/ f the CDD in a cross-section through the center of an output

‘ electrode during the integration and the readout phase.

The key feature of the new detector is the high read-

out speed, proportional to the applied drift field. Figure 7
shows the experimental results of a drift time measure-
ment with the detector biased at 300 V ©mThe mea-
sured drift time of the signal electrons is converted in the
drifted distance (the calibrating factor is the drift velocity)
that identifies the pixel. Negligible drift time non-linearity
(less than 1%) ensures safe operation for position sensing
with a pixel length of 18Qum. The average drift velocity
is 0.35 cmus™?, resulting in a transfer time of @s for a
1 cm long detector. The energy resolution, thanks to the

(i S“\
,,.,,,‘ 7 n\\‘ %\
AR R M
ke ‘\ m\ \\D\\‘?\\\\\\\\\\\‘\\‘\\

“ ‘ ‘ “\ \\\\\\\\\\\‘\\‘\‘\\)\\ \\ ‘
\\\\‘ \\‘\\\ \\v
N\\ \\\\\ \ ‘\‘««\»«m

\‘\

150

2, depth [um] 1s. 100

20, y, drift direction [Lm] on-chip electronics, is comparable to that obtained with
E 400 I 1 I I 1 I
' ‘ l pixel #1 1 pixel #2 1 pixel #3 | pixel #4 | pixel #5 1 pixel #6 1
E7 h ‘il | 1 I I I |
(-V) E Aw! \(’(““ ““ : : : : : :
" ” \ \ ‘ \\ DRIFT CHANNEL s00 L | | | | | | 00
. ) \\\\\ \\\\\\ k\\ \ V=pE \ , \ \ \ \
\\\\\ \\\\\ \\ \ ! ! ! ! ! .00000
\\\‘\\\ \\\\\\\\\\ \ - | I 1 | 1 1
15. \\\\\\\ \\ =3 1 1 1 1 & 1
\‘\ \\\\\\ N \‘:»\\\wdﬁ XD ® ol : : : : 06000 : :
\ = ; | 1 | ° I |
5 L qeseee
o 1 l * | 1 |
N T
I ? 1 I 1 I
2, depth [um] 1 00000! 1 | | |
20. y, drift direction [Lm] # : : : : :
Figure 6. Potential energy for the electrons in the detector 0 —6o00! : : : : '
cross-section shown with a bold line (E3-E9) in Fig. 5. The 0 180 36; drift gg(c))rdinag([)um] 900 1080
upper figure refers to the integration phase. The inset shows the '
biasing scheme of the electrodes of the front side (solid line). Figure 7. Drift time measurements for the CDD biased at
The voltage change applied to the drift electrodes is 2 V. The 300 V cm~'. The incident points of the laser spot are spaced by
lower figure refers to the readout phase. The applied drift field 30 um (equal to the p* strip pitch). The drift time is approximately
is 300 Vcm'. the same for all the strips within the pixel.
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SDDs or with fully depleted pn charge-coupled devices. energy spectroscopy with an image timing resolution
At room temperature a 205 eV FWHM (the sensitive vol- below 1 ms.

ume extended over a limited area around the anode and

over the whole wafer thickness) at the MrxKine with Acknowledgments
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