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Abstract

In a spectroscopic study of non-irradiated and proton-irradiated silicon diodes, the

detectors were illuminated from the front side and from the rear side by various

alpha particle sources (mainly ThC') and by monoenergetic protons with energies

from 1.0 to 2.5 MeV. Their response characteristics have been studied as a function

of the incoming particle energy and the applied bias voltage. The charge collection

e�ciency was determined as a function of uence.
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1 Introduction

Precise spectroscopy is a powerful tool for investigating semiconductor detec-

tor properties. Pulse-height spectra are obtained by measuring the signal of

silicon diodes with a standard spectroscopy system. Pulse-height spectra are

recorded at various applied bias voltages for silicon diodes whose sensitive

volume is scanned with heavy charged particles (alpha's and protons) of low

energy and well de�ned range. The variation of the peak position with the

incoming particle energy and with the applied bias provide rather precise in-

formation on spatial e�ciency of charge collection controlled mainly by the

electric �eld con�guration inside the semiconductor. The charge collection ef-

�ciency (CCE) is determined from the pulse-height spectra as a function of

irradiating proton uence (�) and applied bias voltage.

2 Experimental

Pad diodes of 5�5 mm2 area used for this study were fabricated by SINTEF [1]

with planar technology. The junction was formed by implanting 60 keV boron

ions to a depth of 0.3 �m. The front side structure of the diode consists of a

p+ layer with sheet resistance R2 = 23 
 covered by an aluminium electrode,

leaving a 2 mm diameter round window in the centre of the detector (for

laser illumination). There is an n+ layer on the back side with an aluminium

grid as electrode. The diodes were each equipped with a guard ring, separated

from the main junction by 50 �m, with a p+ implantation depth of less than

1 �m. The ohmic contact with sheet resistance R2 = 39 
 was formed by

implanting phosphorus ions with an energy of 150 keV to a depth of � 0:3 �m.

An aluminium grid of 500 �m pitch formed by 50 �m wide strips is deposited

on this ohmic side. Nine identical n-type silicon diodes with a thickness of

� 280 �m and initial resistivity of � 2200 
cm were selected. Eight of them

were irradiated with 24 GeV/c protons in the CERN-PS T7 beam.

A multiple alpha source was prepared for the measurements with alpha parti-

cles under vacuum [2]. It contained 239Pu, (241Am), ThC, and ThC' which emit

alpha particles of energy 5.157 MeV, (5.486 MeV), 6.051 MeV and 6.090 MeV,

and 8.784 MeV, respectively. The ranges of these �-particles in silicon are

listed in Table 1. The proton measurements were performed at the Charles

University van de Graa� accelerator with energies from 1.0 up to 2.5 MeV.

The protons from the direct beam were backscattered on a thin gold foil to

decrease the ux. The ranges of these protons in silicon are also shown in

Table 1.

A standard spectroscopy system composed of a charge-sensitive preampli�er,

2



linear shaping ampli�er and multichannel analyser was used to record pulse-

height spectra obtained from �-particle and proton illumination of the front

side and back side of the diodes. The measurements were performed by ap-

plying a bias voltage to the front electrode and also to the guard ring. A

silicon surface barrier detector was used as reference detector. This detector

had a thin entrance window, very good energy resolution and 100% charge

collection e�ciency. The normalisation of the peak position observed with the

various diodes to that observed with the reference detector was used to deter-

mine CCE. The full width at half maximum (FWHM) at 5.486 MeV (241Am

alpha-line) was 14 keV, giving a relative energy resolution of 0.26% for the

whole spectroscopy system (reference detector included). This good resolu-

tion enabled us to observe changes in pulse height resulting from the changes

in charge collection e�ciency (CCE) or from the inuence of the electrode

structures.

The scanning of the diode structure and its sensitive volume by illuminating

the front side and the back side with heavy charged particles (alpha's and

protons) of low energy and well de�ned range is shown schematically in Fig. 1.

The dependence of the depth of the depleted (sensitive) layer on the applied

bias voltage is compared with the Bragg curve distribution of charge produced

along the path of the incoming particle.

The sensitivity of the method is illustrated in Fig. 2 where the response of

the reference detector (Fig. 2a) is compared with the responses of a non-

irradiated detector illuminated from the front side (Fig. 2b) and from the back

side (Fig. 2c). From the splitting and shifts of the �-peak, one can determine

the thicknesses of metallic electrodes and of implanted layers as well. The

possibility of measuring shifts at the level of a keV is equivalent to measuring

layer thicknesses of about ten nanometers.

3 Results

The diodes exposed to di�erent uences of 24 GeV/c protons in the CERN-

PS T7 beam exhibit di�erent values of full depletion voltage, as shown in

Fig. 3. The full depletion voltage was measured with the C-V method. These

diodes were scanned with alpha-particles and protons for various applied bias

voltages.

Some of the spectra illustrating the response of the non-irradiated detector to

� particles impinging on the front side of the diode are shown in Fig. 4 for

di�erent values of applied reverse bias (U = 0:0, 8.7, 80 V), with a shaping time

� = 0:25 �s. According to Fig. 3, full depletion of the detector is achieved at

Ufd � 115 V. The energy resolution of the peaks is maintained over the whole
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voltage range from the lowest to the highest value when the depletion depth

is larger than the particle penetration depth. The presence of satellite peaks

at low amplitudes depends on the voltage applied on the guard ring. These

satellites disappear when the guard ring voltage is switched o�. This e�ect can

be qualitatively explained as a signal induced by the charge generated in the

volume close to the guard ring, similar to that observed in classical ionisation

chambers [3]. The induced signal from the guard ring circuitry produces its

own shifted energy spectrum, superimposed on the detector regular spectrum.

The complete understanding of this behaviour will need further investigation.

Spectra illustrating the response of the non-irradiated diode to � particles

incident on the back side are shown in Fig. 5 as a function of voltage, for

the same shaping time (� = 0:25 �s). The signal starts to be observed at

higher voltage compared with front side illumination, as expected. However,

unexpectably, a sizeable signal can be observed even at a voltage (e.g. 62 V) at

which the corresponding depleted region is far from reaching the back side of

the diode (the undepleted depth corresponding to 62 V is 80 �m). The pulses

are spread into broad peaks. As the voltage is increased, all amplitudes are

also increased and the response changes into sharp peaks with left-hand side

asymmetry. The size of this asymmetry decreases with increasing voltage and

eventually disappears completely. This behaviour could be caused by the back

side contact structure inuencing the shape of the depleted layer. A response

as good as the one obtained for front exposure is achieved when the applied

voltage is high enough to deplete the detector fully.

The observed back side signal at relatively low voltage can possibly be ex-

plained by assuming the existence of a spatial inhomogeneity of the electric

�eld along the back contact plane. This e�ect can be understood using a model

based on the behaviour of a set of detectors connected in parallel, each biased

at a slightly di�erent voltage. The e�ect of the pulses spread towards lower val-

ues has the same origin as the observed shifts of some peaks due to decreased

bias voltage applied to the detector, as depicted in Fig. 5. At lower bias and

for rear side illumination the ionising track does not reach the sensitive vol-

ume of the detector completely. Consequently, the collection of the charge

produced is not optimal and the inuence of electric �eld inhomogeneities be-

comes decisive, in that small local changes in the electric �eld can e�ectively

diminish or even remove the gap between the depletion layer and the front

of the ionising particle track and can therefore switch the corresponding part

of the detector structure into a regime where the charge collection e�ciency

is considerably higher. With increasing bias, all parts of the detector eventu-

ally achieve their maximum and equal charge collection e�ciency, leading to

the disappearence of the asymmetric spread among pulse amplitudes. These

electric �eld inhomogeneities are possibly caused by the special rear contact

design of the detectors under study. Prior to the aluminium metallisation, a

0.3 �m thick n+ layer was implanted on the whole surface of undoped bulk ma-
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terial. While the conductivity of aluminium (� 2:7� 10�8 
m) is four orders

of magnitude higher than that of the implanted layer (� 1:2� 10�4 
m), the

voltage drops in the metallic grid can be neglected and the problem reduces

to the investigation of the potential distribution along the interface between

the n+ layer and the bulk material.

Via lateral transport, the implanted n+ layer with sheet resistance R2 = 39 


equalizes the potentials at the interface between the n+ layer and the bulk

material. However, this equalization is not perfect. The change of voltage

ratio U=U0 with distance x from the metallised edges can be approximated

using the transmission line formula [4]

U

U0

= exp(�x
q
R2=Rs) (1)

where Rs is the speci�c interface resistance between the n+ layer and the bulk

material, measured in units of 
m2. This quantity is mainly controlled by the

properties of the accumulation layer [4]. In the present case the mobility and

the accumulation layer thickness (i.e. di�usion length) are � = 0:145 m2/Vs

and � = 5 �m (cfr. [5]), respectively. Then Rs is given by:

Rs = �=e�nj (2)

where nj is the excess charge concentration in the accumulation layer. The

determination of nj, using statistics, is a rather questionable task because of

the strong degeneracy of the electron gas involved [4]. Nevertheless, the di�-

culty can be overcome by taking into account that the transport through the

structure should be continuous. The comparison between the current density

� eniv (ni is the intrinsic electron concentration and v the thermal velocity,

for Si: ni � 1 � 1016 m�3 and v � 5 � 104 m/s) and the current density

� enj�=��0 due to the local electric �eld (��0 is the permittivity, � = 12 for

Si) in the accumulation layer leads to a continuity equation of the form [5]:

nj
2 = niv��0=e�� (3)

This formula provides the values: nj = 6:8�1017 m�3 and Rs = 3:2�10�4 
m2.

Substitution of the latter value into eq. (1) gives the result that the di�erence

between voltages at the interface point x = 0 (metallisation edge) and at

x = 200 �m (centre of the square grid) is about 7% of the total applied voltage

U0. Therefore, this simple model gives an estimation of di�erences between

voltages on the rear contact plane which are not negligible when compared

to the applied voltage itself. Such di�erences could explain the observation of

broadened peaks with left-hand side asymmetry at the rear side illumination

when the detector is close to full depletion.
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Examples of spectra illustrating the response of an irradiated diode (� =

5:2� 1013 p/cm2) to illumination by � particles on both sides of the diode as

a function of voltage and for the shaping time � = 0:25 �s are shown in Fig. 6

(front side) and Fig. 7 (back side). For the front exposure, the peak resolution

is degraded as a consequence of decreased charge collection e�ciency. With in-

creased bias, the amplitude increases and the resolution improves but without

achieving the resolution observed before irradiation, due to increased reverse

current. Qualitatively the collected charge and resolution are determined by

the collection time and, therefore, by charge carrier lifetime and electric �eld.

As seen from Fig. 3, this irradiated detector is close of being made of semi-

insulating material. This view is supported by the results obtained from the

back side illumination. The trend is similar to that observed for the front side

spectra.

The evolution of the spectroscopic response of the detector as a function of

uence is shown in Fig. 8 and 9 for protons and � particles, respectively. The

dependence of the peak position, which corresponds to the collected charge,

on incoming particle energies (protons in Fig. 8 and alpha particles in Fig. 9)

is shown as a function of the applied voltage for front side and back side

illumination. At zero or low uences, the signals for the front side illumination

start to be observed at very low voltage, in contrast to the back side signals

which are observed for relatively high values of the bias, when the depleted

layer is closer to the back side than the particle range. When approaching the

inversion point, the front and back signal start to show the same behaviour

with the applied voltage (see Fig. 8e and Fig. 9c). Beyond the inversion point,

one can see clearly reversed behaviours despite the fact that the spectroscopic

measurements were made more complicated by the increased reverse current.

The charge collection e�ciency was determined from saturated values of peak

positions measured at di�erent voltages compared to the reference detector.

The charge collection e�ciency as a function of uence for 8.78 MeV alpha

particles (from ThC') and 1.7 MeV protons is shown in Fig. 10. For 8.78 MeV

alpha particles incident on the front side of the diodes operated at 144 V

reverse bias, a charge collection de�cit of about 18% is observed at uence

� � 1:7� 1014 p/cm2, while the charge collection de�cit is measured of about

16% at this uence for back side illumination. Similarly, a charge collection

de�cit of about 18% for 1.7 MeV proton incident on the front and back side

of the diode operated at 100 V bias is measured at � � 1:0� 1014 p/cm2.

4 Discussion and Conclusions

The spectroscopy method has been applied to the study of non-irradiated

and proton-irradiated silicon diodes. The pulse-height spectra show the de-
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pendence of the peak position on the incoming particle energy and on the

applied bias. A signi�cant inuence of the contact structure on the detector

has been observed. The observed shift of some peaks to lower channels, as

well as their spread and asymmetry, can possibly be explained in terms of a

spatial inhomogeneity of the electric �eld along the back side contact plane.

As a consequence, all possible sources of inhomogeneities in the electric �eld,

such as grid structures for the back side contact, should be avoided to ensure

uniform response across the detector surface. Conducting-type inversion of the

silicon material has been clearly demonstrated from the behaviour of the peak

position. Indeed, for zero or low uences, it has been observed that signals

produced by front side illumination are already observed at very low bias, in

contrast to the back side signals which are seen for relatively high values of the

bias. Around the n-type to p-type inversion, front and back signals show the

same behaviour with the applied voltage. Beyond the inversion point reversed

behaviours are observed.

The charge collection e�ciency (CCE) was measured as a function of uence

(�) and applied bias voltage. Since the number of radiation induced defects

increases with the uence, the charge carrier lifetimes due to trapping decrease

and an expected charge collection de�cit is observed. After a proton uence of

2� 1014 p/cm2, however, the CCE still remains higher than 80% of the initial

value.
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Table 1

Ranges (R) of protons of energy Tp and �-particles of energy T� in silicon.

Tp [MeV] R(Tp) [�m]

0.5 6.64

1.0 16.97

1.5 30.94

2.0 48.30

2.5 68.91

T� [MeV] R(T�) [�m]

5.157 25.95

5.486 28.33

5.805 32.66

6.090 32.97

8.784 57.38
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Fig. 1. The method for scanning the detector structure and sensitive volume is il-

lustrated in the schematic cross-sectional view of a detector of thickness d. The

thicknesses of Al contact metallisation and p+ layer (front side) or n+ layer (back

side) are indicated. The shaded area represents the depleted region (detector sen-

sitive volume). The detector response is measured as a function of the applied

bias voltage for protons or alpha particles incident on the front or on the back

side at energies T4 > T3 > T2 > T1, corresponding to incoming particle ranges

R(T4) > R(T3) > R(T2) > R(T1) inside the detector. Bragg energy loss distribu-

tions inside the detectors are shown for the various incident energies.
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reference silicon surface barrier detector (SSBD) a) is compared to the response of

a non-irradiated detector illuminated b) on the front side and c) on the back side.

Shifts among peaks and their splitting are caused by di�erent losses of particles

entering through non-sensitive layers on the detector surface. �0: di�erence due

to di�erent losses in Au reference detector electrode and p+ layer of the measured

detector (' 20 keV), �1: thickness of front Al electrode (' 86 keV), �2: backside

n+ layer thickness compared to p+ (' 33 keV), �3: backside Al grid thickness

(' 122 keV). The thicknesses are expressed in terms of the corresponding energy

losses.
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P11-S-A3-6, U = 0 V, τ = 0.25 µs, non-irradiated,
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P11-S-A3-6, U = 8.68 V, τ = 0.25 µs, non-irradiated,
front
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P11-S-A3-6, U = 80 V, τ = 0.25 µs, non-irradiated,
front

0

300

600

900

1200

1500

1800

0 400 800 1200 1600 2000
Channel

C
ou

nt
s

c)

Fig. 4. Spectra illustrating the response of the non-irradiated detector to alpha

particles from Pu, ThC and ThC' incident on the front side of the diode for applied

reverse bias: U = 0:0 (a), 8.7 (b) and 80 V (c). The shaping time was � = 0:25 �s.
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P11-S-A3-6, U = 62.5 V, τ = 0.25 µs, non-irradiated,
back
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P11-S-A3-6, U = 100.94 V, τ = 0.25 µs, non-irradiated,
back
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P11-S-A3-6,  U = 170.11 V,  τ = 0.25 µs, non-irradiated,  
back
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Fig. 5. Spectra illustrating the response of the non-irradiated detector to alpha

particles from Pu, ThC and ThC' incident on the back side of the diode for ap-

plied reverse bias: U = 62:5 (a), 100.9 (b) and 170.1 V (c). The shaping time was

� = 0:25 �s.
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P11-S-A3-16, U = 0 V, τ = 0.25 µs,

fluence = 5.23 x 1013 p/cm2, front
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P11-S-A3-16, U = 28.7 V, τ = 0.25 µs,

fluence = 5.23 x 1013 p/cm2, front
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P11-S-A3-16, U = 149 V, τ = 0.25 µs,

fluence = 5.23 x 1013 p/cm2, front
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Fig. 6. Spectra illustrating the response of an irradiated detector

(� = 5:2 � 1013 p/cm2) to alpha particles from Pu, ThC and ThC' incident

on the front side of the diode for applied reverse bias: U = 0:0 (a), 28.7 (b) and

149 V (c). The shaping time was � = 0:25 �s.
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P11-S-A3-16, U = 10.7 V, τ = 0.25 µs,

fluence = 5.23 x 1013 p/cm2, back
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P11-S-A3-16, U = 147.9 V, τ = 0.25 µs,

fluence = 5.23 x 1013 p/cm2, back
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Fig. 7. Spectra illustrating the response of an irradiated detector

(� = 5:2 � 1013 p/cm2) to alpha particles from Pu, ThC and ThC' incident

on the back side of the diode for applied reverse bias: U = 10:7 (a), 25 (b) and

147.9 V (c). At bias of 147.9 V, 241Am alpha source was added. The shaping time

was � = 0:25 �s.
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Fig. 8. (a{c) Peak position (expressing the collected charge) dependence on uence,
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side and back side of the diode.
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Fig. 8. (d{f) Peak position (expressing the collected charge) dependence on uence,

applied bias voltage, and incoming proton energy for particles incident on the front

side and back side of the diode.
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P11-S-A3-18,  fluence = 1.1 x 1014 p/cm2
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P11-S-A3-19,  fluence = 1.72 x 1014 p/cm2

0

50

100

150

200

250

300

350

0 2 4 6 8 10 12 14 16

Sqrt (UBias)   [V
1/2]

P
ea

k 
po

si
tio

n 
 [c

ha
nn

el
]

Tp=1MeV  (front)
Tp=2.5MeV(front)
Tp=1MeV  (back)
Tp=1.7MeV  (back)
Tp=2.5MeV  (back)

h)

P11-S-A3-21,  fluence = 2.2 x 1014 p/cm2
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Fig. 8. (g{i) Peak position (expressing the collected charge) dependence on uence,

applied bias voltage, and incoming proton energy for particles incident on the front

side and back side of the diode.
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P11-S-A3-6,  non-irradiated
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P11S-A3-8,  fluence = 5.12 x 1012 p/cm2
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P11-S-A3-16,  fluence = 5.23 x 1013 p/cm2
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Fig. 9. (a{c) Peak position dependence on uence, applied bias voltage, and incom-

ing alpha particle energy for particles incident on the front side and back side of

the diode.
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P11-S-A3-18,  fluence = 1.1 x 1014 p/cm2 
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d)

P11-S-A3-19,  fluence = 1.72 x 1014 p/cm2 
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e)

P11-S-A3-21,  fluence = 2.2 x 1014 p/cm2
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Fig. 9. (d{f) Peak position dependence on uence, applied bias voltage, and incom-

ing alpha particle energy for particles incident on the front side and back side of

the diode.
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Fig. 10. Charge collection e�ciency (CCE) for front and back side illumination of

the diode determined by 8.78 MeV alpha particles at 144 V reverse bias (a) and by

1.7 MeV protons at 100 V reversed bias (b)
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