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Introduction

It is a well documented feature of silicon detectors that exposure to a flux of hadrons changes their electrical properties. The most important effects are:  an increase of the leakage current, a change in the full depletion voltage (VFD) and a change in  the bias voltage required for maximum charge collection. The charge collection properties are critical for particle detectors. We present a study of the charge collection properties of irradiated (p-strip in n-bulk) silicon detectors and a technique for the evaluation of VFD from the charge collection efficiency (CCE) curves. The results are compared to the Capacitance-Voltage (CV) technique that is largely employed for the estimate of VFD.

CV characteristics of non-irradiated and irradiated detectors

The CV characteristic is a fast and easily applied technique for the evaluation of VFD. If a diode detector has a  voltage (V) applied across its bulk, the measured capacitance (C), will decrease ( proportionally as the square root of V) until a voltage VFD is reached. This voltage is known as the full depletion voltage. For higher biases the measured value is constant and is determined by the geometry of the detector. The full depletion voltage of a detector is readily determined  by studying  a  log(C) vs log(V) or 1/C2 vs V plot . The two straight line fit of the slope before full depletion and the constant value above VFD provide an accurate estimate for this parameter, as illustrated in Fig.1. 
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After detectors are heavily irradiated the CV characteristics are not so easy to interpret. The slope before full depletion is observed not to be linear, as illustrated in Fig. 2. 
 This suggests that a more refined technique must be devised in order to interpret the CV curve and inform our choice of operating voltages for irradiated detectors.

Charge collection efficiency of non-irradiated and irradiated detectors
The ionisation induced by minimum ionising particle (m.i.p.) inside a silicon detector is evenly distributed along the path of the crossing particle. When the bias voltage of the detector is lower than VFD, only the charge released by the ionising radiation in the active (depleted) volume contributes to the signal. In non-irradiated silicon detectors, all the charge generated in the active volume is collected at the electrode if the integration time is long enough to avoid ballistic deficit. Figure 3 shows the charge collection efficiency (CCE) of a non-irradiated detectors as a function of the applied bias. If the detector is illuminated with collimated m.i.p.’s, below full depletion the CCE is proportional to depth of the depleted volume (than the square root of the bias) to saturate at VFD.

In an irradiated detector an additional deficit is caused by the effect of charge trapping. A fraction of the charge generated in the active volume is trapped by a radiation-induced centre for a time much longer than the typical time for the signal formation (permanent trapping).  The fraction q of the charge q0 released in an arbitrary position x0 in the active volume that survives to the trapping after a distance dx in the detector can be expressed by:
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where E0) is the mean free path at the position x0. 

The trapping is inversely proportional to the velocity of the charge carriers. The velocity of the charge carriers is proportional to the electric field E until saturation and is usually parameterised as:
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where µ is the mobility of electrons (e) or holes (h)
, vS is the saturation velocity and the experimental parameter  is close to unity. From Eq. 1 the trapping must decrease with an increase in applied electric field.
 In order to find a parameterisation that describes  the experimental data we define a mean free path, , proportional to the velocity, as follows:

                                           
[image: image3.wmf]l

l

l

(

)

(

)

E

v

E

v

E

S

=

+

0

                                                                                            (3)
where 0 is the mean free path in Si with E=0 and E is the saturation mean free path. In practice, the saturation velocity was never reached for the voltages to which the detectors were biase. Thus the velocity of the charge carriers are  assumed to be proportional to the electric field, namely v(E ) = µE. The expression of (E) used for the fit of experimental data then becomes
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where  is expressed in µm2V-1. 

The total charge collected by the detector is given by the integral over the whole detector thickness of Eq 1. The maximum charge collected by an irradiated detector is the total injected charge decreased by the fraction of charge trapped when the velocity is saturated in the detector:



[image: image5.wmf]q

q

w

M

w

E

o

E

=

-

-

+

é

ë

ê

ù

û

ú

ì

í

î

ü

ý

þ

+

0

0

1

(

)

exp

(

)

l

l

l

l





        (5)
Experimental details

Four miniature microstrip detectors (1x1 cm2, 128 strips) produced by SINTEF [1] were irradiated at room temperature and unbiased in the CERN-PS beam with 24 GeV/c protons. Two pairs of non-oxygenated and oxygenated devices were irradiated to 3(1014 cm-2 and 4(1014 cm-2. A non irradiated non-oxygenated detector with identical characteristics have been used for reference, seeTable 1. 

	Detector conventional name:
	Oxygenation
	Irradiation dose [p cm-2]

	S1
	No
	Non irradiated

	S2
	No
	3(1014

	S3
	Yes
	3(1014

	S4
	No
	4(1014

	S5
	Yes
	4(1014


Table 1 A summary of detector characteristics and irradiation dose

The CCE and CV characteristic of these detectors were been studied. For the CCE measurements all the read-out strip of the detectors were connected to a wide band-width current amplifier (Phillips Scientific, Model  6954) with a fast rise-time (<1 ns). The signal was provided by beta particles from a 106Ru source. The output pulse of the amplifier was averaged on a 1GHz bandwidth LC574AL Lecroy oscilloscope and the integral of the signal after a collection time of about 40 ns was recorded. 

Experimental results

a) CV measurements

Figure 2 shows the CV measurements of the four irradiated detectors. The value of VFD extracted from these curves with the simple two straight line fit are about 130V for S2 and S3 and 183V and 227V for S4 and S5.
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a)
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d)


Figure 2 The 1/C2 as a function of bias for the irradiated detectors: (a) non-oxygenated after 3(1014 cm-2 (S2); (b) oxygenated after 3(1014 cm-2 (S3); (c) non-oxygenated after 4(1014 cm-2 (S4); (d) oxygenated after 4(1014 cm-2 (S3)..
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Figure 3 Charge collected as a function of bias for the non-irradiated detector.
b) CCE measurements

The CCE curves measured with the set-up described above with the detectors kept at –18 oC are shown if Fig.4 for the five detectors. The experimental points of the four irradiated detectors have been fitted with the function (1) computed on 300 points (with dx = 1µm). 

Discussion
The fitting technique here used allows the determination of useful parameters for the evaluation of the properties of irradiated detectors. Their values are summarised in Table 2.  The full depletion voltage estimated by the fit is agreement with the one evaluated using the CV technique although the use of the simple two straight line fit to obtain VFD from the CV curve looks inadequate when applied to irradiated devices. 

The charge collected by irradiated detector at VFD is only ~73% of the maximum collectable charge and increases substantially with further increase of the bias to saturate at strong over-depletion. This region is usually referred as the CCE plateau and corresponds to an average mean free path of the same order or larger than the detector thickness. The ratio between the maximum charge of irradiated detectors to the non-irradiated one is the charge deficit induced by the irradiation. This deficit is shown in the last column of Table 2 for our set of irradiated detectors. No obvious difference is observed between oxygenated and non-oxygenated detectors in this respect. The values of  obtained from the fit are slightly higher for the oxygenated devices, but the difference is compatible with the error of the measurements.  decreases as a function of the irradiation dose indicating that the mean free path of the carriers moving in the electric field decreases, while 0 remains almost unchanged with irradiation. Assuming that the carrier mobility and the saturation velocity do not change very much after irradiation [2], the mean free path at saturation calculated using  µh = 571 cm2V-1s-1 and vS = 0.876 107 cm s-1 [3] are 1600 ( 80 µm, 2016 ( 144 µm, 704 ( 80 µm and 512 ( 144 µm for the detectors S2, S3, S4 and S5 respectively. 
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Figure 4 CCE as a function of bias for the irradiated detectors: (a) non-oxygenated after3(1014 cm-2 (S2); (b) oxygenated after 3(1014 cm-2 (S3); (c) non-oxygenated after 4(1014 cm-2 (S4); (d) oxygenated after 4(1014 cm-2 (S3).

The total charge released by ionisation, q0, is compatible with the total charge collected by non-irradiated detectors (19.6 arb. unit). The fitted values of q0 for the two pairs of oxygenated and non-oxygenated detectors agree well. The value obtained for oxygenated detectors is slightly lower. The difference could be due to a different thickness of the detectors. This dimension was not directly measured, but the geometrical parameters given by the manufacturer of the 5 detectors are similar. 

In our parameterisation we assumed a linear distribution of the electric field as a function of the detector depth, as in non-irradiated devices. Any different profile of the electric field [4] would be reflected in the velocity of the carriers and than on their trapping. The knowledge of the electric field profile can lead to a possible improvement of the CCE model of irradiated detectors. 

	Det. name
	qo (arb. units)
	VFD (V)
	0 (µm)
	 (µm2 V-1)
	qM/qo (%)

	S2
	19.9 ( 0.9
	136.2 ( 2
	188.1 ( 6
	1000 ( 250
	91 ( 4

	S3
	18.5 ( 0.7
	138 ( 5
	206 ( 10
	1250 ( 90
	87 ( 5

	S4
	19.9( 0.8
	213 ( 5
	184 ( 10
	320 ( 90
	76 ( 3

	S5
	18.7 ( 0.4
	175 ( 11
	 204 ( 15
	440 ( 50
	77 ( 4


Table 2 Summary of fitted parameters for irradiated detectors.

The extent of the trapping effect on the charge collection efficiency suggests that a geometry of the detector allowing the read out from the junction side will benefit the CCE because the charge carriers will move towards the high electric field region. The collection time (than the average velocity) is reduced and one can expect a reduced trapping effect. 
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Adoption of n-in-n geometry allows the junction side read out when the detector has been irradiated above the type inversion fluence and n-in-p detectors during the entire lifetime of the device. In addition, this geometry’s allow collection of electrons, which have a mobility three times higher than holes.  

Fig. 5 shows the possible improvement in CCE (at –18 oC) for an oxygenated detector irradiated to 4(1014 cm-2 with the junction side read out (dotted lines) compared to an oxygenated detector with p-in-n geometry (solid lines). In absence of experimental data, we assumed that the trapping affects electrons with the same intensity as holes.  The faster rising dotted line is obtained considering the velocity of electrons three times higher than holes while the other is obtained using the same parameterisation used for holes. 

Conclusions

Oxygen enriched material gives an improvement in terms of  the bias required for complete charge collection of heavily irradiated silicon detectors [5]. For the heavily irradiated
 detectors the improvement was approximately 40 volts. No significant difference was observed for the detectors irradiated to 3(1014 cm-2. The level of the plateau of the charge collection is the same for the oxygenated and non-oxygenated detectors after the two different doses of irradiation, implying no significant differences in the charge trapping between these substrates. The improvement of the charge collection in heavily irradiated oxygenated detectors is mainly due to the reduction of the space charge density (and therefore of VFD) compared with  non-oxygenated devices.

The parameterisation here used for fitting the CCE allows the extraction of the VFD. Differences have been found between the CV and CCE techniques for the evaluation of VFD. These differences can be ascribed to the inadequacy of the non-irradiated diode model when applied to irradiated detectors.

We estimated the effect of the trapping by the studying ratio of the total charge collection at VFD to the maximum charge collected at V> VFD. We found that only 72% of the charge is collected at the nominal full depletion in heavily irradiated detectors.

.

The charge deficit after irradiation was evaluated for the two given doses by comparison to the pre-irradiation value and is about 10% after 3(1014 cm-2 and 23% after 4(1014 cm-2.

We stress the importance of  the trapping effects  on the CCE of  an irradiated detectors. We also note that  considerable improvements at low biases are expected when using a detector geometry with junction side readout. We have attempted to give a figure of this improvement for oxygenated detector after heavy proton irradiation.
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Figure � SEQ Figure \* ARABIC �1�  1/C2 as a function of bias for the non-irradiated detector (S1).
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Figure � SEQ Figure \* ARABIC �5� Comparison of the predicted CCE between p-in-n (solid line) and n-in-n (dotted lines) oxygenated detectors after 4(1014 p cm-2 (see text for details).











� Here the CV curve of the irradiated detectors is measured at low frequency (1kHz). With irradiated devices the measured capacitance is strongly dependent on the frequency of the measurement; low frequencies allow an easier interpretation of the CV curve


� As the detectors used for this study were all p-in-n microstrip detectors, read out in the p-side, the collected carriers were holes. In the following all the parameters depending on the charge carrier type are implicitly those for holes.


� detectors irradiated to 4(1014 24 GeV/c protons cm-2
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