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LASSI/DTI UMR CNRS 6107, Facult´e des Sciences, BP 1039, 51687 Reims Cedex 2, France LaMaCop, Facult´e des Sciences de Sfax, Route Soukra Km 3, BP 802, CP 3018 Sfax, Tunisia UXL UMR CNRS 5818, Bˆ at. A31-351, 33405 Talence Cedex, France Department of Physics, Moscow State University, 119899 Moscow, Russia Received: 18 June 2002 / Accepted: 11 October 2002 c EDP Sciences Published online: 6 February 2003 –  Abstract. A method is described that allows the trapping charge kinetics in insulating materials during their electron irradiation in a scanning electron microscope (SEM) to be studied and the total trapped charge to be evaluated. The method consists in analyzing the leakage and the displacement currents measured simultaneously, during and after irradiation, using an arrangement adapted to the SEM. The dynamic trapping properties of glass-ceramic are investigated and the time constants for charging and discharging processes are evaluated. By correlating the leakage and displacement currents, the total electron yield σ during irradiation is also determined. PACS. 77.22.Jp Dielectric breakdown and space-charge eﬀects – 72.20.Jv Charge carriers: generation, recombination, lifetime, and trapping – 79.20.Hx Electron impact: secondary emission



1 Introduction Charging phenomena in insulating materials are of signiﬁcant theoretical and practical importance since they strongly inﬂuence the use of these materials in various technological ﬁelds such as electrical insulation, electronics, spacecraft manufacture, electret technology, packaging of devices sensitive to static electric charges, etc. [1–4]. Charges usually appear at the surface of, or within insulators as the result of bombardment or treatment by a source of energetic particles (e.g., photons, electrons, etc.), electric discharges or friction (tribocharging). Although it is generally accepted that the initial energy deposited produces a net charge in the dielectric, the self regulation processes (i.e., electron emission, trapping-detrapping, leakage current, etc.) of charging phenomena are usually only qualitatively understood. To understand and make full use of charging phenomena and also insulators, a panoply of techniques have been performed. Most of them are devoted to the measurement of the total trapped charge and its distribution in the insulator. These experimental techniques, including the thermal pulse method [5], the pressure wave propagation method [6], the Kelvin probe electrometer [7], the mirror method [8], the electrostatic force microscope [9] are often two steps methods wherein the a
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measurement of the trapped charges starts at the end of the irradiation so that they do not allow a dynamic investigation of the charging and discharging mechanisms during the irradiation process to be carried out. Moreover, none of them can isolate from experimental data the precise contribution of diﬀerent possible self regulation processes for charge accumulation. Here, we make use of the displacement-current method [10–12], but with a signiﬁcant improvement of the corresponding measurement device. The method, based on the so called “electrostatic inﬂuence” allows not only a dynamic investigation of the trapping properties of insulators submitted to electron irradiation of a scanning electron microscope to be done but also to bring new elements for the understanding of the charge regulation mechanisms. In fact, when the primary e-beam strikes the surface of a insulator, a part of electrons is trapped and another part is evacuated to the ground or emitted in the vacuum. The aim of this work is therefore to propose an arrangement attached to a scanning electron microscope in order to measure simultaneously the displacement current arising from the variation of the trapped charge (during and after electron irradiation) and the leakage current corresponding to the evacuated part through the ammeter to the ground. Section 2 is devoted to the theoretical aspects that can help us to understand experiments. Section 3 concerns the description of the experimental
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setup and protocols used to deposit and to measure the charges. In Section 4, the obtained results are reported and discussed. In Section 5, these results are used to determine the evolution of the total electron emission yield (ratio between the total number of electrons emitted by the surface and the number of impinging electrons) during electron irradiation.



2 Basic principles When an electron beam of energy E0 irradiates an insulator in a SEM, a part of electrons will be backscattered and the remainder enter the insulator. Secondary electrons are also emitted from the surface of the target. The secondary (SEs) and backscattered (BSEs) electrons emitted in the vacuum are often combined in the current IE as IE = (δ + η)I0 , where δ and η are, respectively, the secondary electron yield and the backscattered electron coeﬃcient. The part that enters the insulator will be either trapped at the defects sites in the specimen or evacuated as a leakage current ﬂowing from the insulator to the ground. The charge trapping phenomena leads to a buildup of excess or default of charge in the sample that therefore acquires a positive or negative surface potential (VS ). But, when a permanent irradiation is used, a negative charging is frequently reported even at primary energies as low as 2–3 keV [13] and references therein. The surface potential can reach hundreds or thousands of volts and the primary electron landing energy can be reduced by a corresponding number of electronvolts. The external electric ﬁeld generated by the trapped charge modiﬁes also trajectories as well as the angular and energy distributions of emitted electrons [14]. This ﬁeld can alter the SE detector collection eﬃciency [15] and in some cases gives rise to an anomalous contrast that depends on the sampledetector-vacuum chamber geometry [16]. Another eﬀect of the implanted charge is to produce an internal electric ﬁeld that may reach a critical value able of detrapping an electron from a trapped site. The electron detrapping process will contribute to the leakage current IL ﬂowing between the sample and the ground (i.e. current ﬂowing out either through the volume of the material or along its surface, generally by both ways simultaneously). Primary electron causes a continuous excitation of valence electrons in an insulator into the conduction band. The resultant mobile electrons increase the electrical conductivity. This so-called radiation induced conductivity (RIC) [17–19] enhances the charge leakage and contributes also to the leakage current IL . Since the conservation of current law must apply to this situation, we have the condition: I0 = σI0 + dQt /dt + IL



(1)



where σ, the total electron emission yield (TEEY), is deﬁned as, σ = δ + η. Qt is the trapped charge. The total emission yield depends on the energy of incident electrons as illustrated schematically in the well



Fig. 1. Schematic dependence of the total electron emission yield on the primary electron energy E.



known curve of Figure 1. To predict the sign of charging of electron-irradiated insulators, the so-called total yield approach is often used. Following this approach, the two critical energies ECI and ECII (see Fig. 1) where the total yield is unity corresponds to an exact balance of charge. When the total yield is less than unity (i.e. the primary beam energy is lower than ECI or higher than ECII ) the surface charges with a negative potential, whereas a positive charging is expected when it is above the unity (i.e. the primary beam energy is situated between ECI and ECII ). The predictions of the total yield approach based on the concept of charge balance fails to explain the measured sign of the charge as a permanent irradiation is used (dynamic charging of the surface). Several works recognized this and used pulse techniques to allow the surface between pulses to be discharged. For more detailed analysis and criticism of the total yield approach, one may refer to the work of Cazaux [20]. When the specimen is continuously irradiated, a negative trapped charge Qt builds up that produces a positive countercharge (i.e. image-charge) in all conductor pieces of the SEM chamber (mainly in the holder and gun). The image charge, Qim , produced in a grounded metallic electrode which is in electrical contact (or not) with the backside of the sample, is as follows: Qim = K Qt



(2)



where K is the electrostatic inﬂuence factor that depends on the thickness, dielectric permittivity of the sample, and on the electrical characteristics of the media surrounding the sample. The trapped charge Qt , which is a function of secondary and backscattered electrons and also of the leakage current is as follows: dQt = I0 (1 − σ) − IL . dt



(3)



The displacement current Id results from the timevariation of Qt as: Id = K



dQt · dt



(4)
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Fig. 3. Time variation of the displacement current for a 2 nA primary beam current and 13.7 kV primary beam accelerating voltage recorded on a glass sample (open circle) and on a copper sample (open triangle). toﬀ is the instant when the electron beam is blanked. Fig. 2. Cutaway view of the experimental arrangement for measuring displacement and leakage currents. Note the discontinuous arrow that deﬁnes the positive direction of the current.



3 Experimental procedure 3.1 Experimental setup The experimental arrangement used in this study and illustrated in Figure 2 is not fundamentally diﬀerent from that proposed recently to investigate the electron irradiated ground coated insulators [12]. The main diﬀerence is the adjunction of an additional electrode intended to measure the leakage current. This arrangement installed in a SEM Philips 505, consists of a cylindrical grounded metallic enclosure (A) made of copper, with a circular hole of diameter 3.8 mm in its upper face. This enclosure acts like a shield to prevent stray electrons (i.e. (SEs) and (BSEs) emitted from the SEM chamber-walls) to be collected by the probe disks and therefore to disturb the current measurements. The copper disk (C) acting as an image-charge probe (measure of the displacement current Id ) is set at the bottom of the enclosure on an insulating disk made in Teﬂon to avoid any electrical contact between the probe and the enclosure (A). The electrode intended for measuring the leakage current is a 0.5 mm thick frame-shaped electrode (B) made also in copper with a lateral dimension of (1 cm×1 cm) and (0.9 cm×0.9 cm) square opening. The electrode (B) is placed above the disk (C), on a 0.3 mm thick Teﬂon foil having the same square opening as (B) electrode. The Teﬂon foil guarantees the lack of electric contact between (B) and (C) plates. The sample of parallelepiped shape (1 cm × 1 cm × 0.95 mm) placed under the opening of the enclosure (A), without touching it, is set on plate (B) with an intimate electric contact ensured by coating the periphery of the back surface of the sample with a 15 nm thick gold ﬁlm. The bearing area (plate B) is a frame-shaped of 0.5 mm



wide. The uncoated backside of the sample is separated from electrode (C) by a narrow vacuum gap of 0.8 mm. The metallic plate (C) that plays the role of a countercharge probe is connected to a high sensitive picoammeter (HP4140B) that measures the displacement current Id ﬂowing from the probe to the ground. The metallic plate (B) is also connected to another picoammeter to measure the leakage current IL . Both picoammeters are interfaced to a PC. The HP4140B picoammeter is able to measure currents ranging from 10−15 A up to 1 mA with a basic accuracy of 0.5%. The current is directly monitored in integration mode (0.2 s). It is worth emphasizing that this experimental arrangement diﬀers from that operated for electrets [21] and others [10,22] in two points. In one hand, the rear electrode (C) is not in contact with the insulating layer so only the electrostatic inﬂuence current Id is measured, whereas in other arrangements where insulator is in contact with the rear electrode, the radiation-induced conductivity (RIC) current, IRIC , for instance, is superimposed to Id . In the other hand, a second electrode in contact with the insulating layer is added to measure the so-called leakage current that may be due to the bulk and/or surface conduction processes, among others. The obvious test consists ﬁrst in investigating a conductor. In the arrangements where the sample is in contact with the rear electrode, the measured current corresponds to I = I0 (1 − σ) whereas it is nil in our case (because of the lack of trapped charge into the specimen) (see Fig. 3). In this ﬁgure the displacement currents recorded on glass and copper samples, during and after electron irradiation, are depicted. The currents during and after electron irradiation are transients in the case of glass, whereas they are nil for copper.
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Fig. 4. Ratio between countercharge and injected charge in the sample as a function of dimensions of the contact surface between the sample and plate (B). Right axis and open square: case of countercharge induced on plate (B). Left axis and open circle: case of countercharge induced on plate (C).



Fig. 5. Time variation of the displacement current during and after electron irradiation at 13.7 kV primary beam accelerating voltage and 2 nA primary beam current. Open square: pole pieces covered with a carbon foil. Open triangle: pole pieces without carbon foil. In order to compare the two experimental conﬁguration, each current is represented according to an each time-axis.



3.2 Operating conditions The best operating conditions for the proposed arrangement are ﬁrst to reduce the electrical inﬂuence of the grounded inner side of the SEM chamber walls by setting the work distance in the typical range of 20 mm to 30 mm. The vacuum gauge which acts as a source of charged particles that could interfere with charge measurements must be turned oﬀ. Since the goal is to measure a signiﬁcant displacement current (i.e. large countercharge) by using the electrode (C) and only leakage current by using the electrode (B), the geometry of the experimental setup must be optimized. In fact, in order to maximize the displacement current measured using (C) and to reduce at a minimum value the displacement current (i.e. small countercharge on (B)) induced in (B) electrode that is superimposed to the leakage current, the irradiated area must be large enough and the bearing surface of sample on (B) must be small enough. To ﬁnd a compromise between these conditions, calculations are performed using the ﬁnite element software QuickField [23]. The results depicted in Figure 4 clearly show that the countercharge induced on plate (B) decreases as the bearing surface of the sample on (B) decreases, whereas the countercharge induced on (C) increases as the opening of the plate (B) increases. Hence, the best operating conditions are the use of a 0.9 cm × 0.9 cm opening of (B) that corresponds to a 0.5 mm wide bearing surface of the sample on (B). As shown in this ﬁgure, since the countercharge on (B) electrode is less than 2% of the injected charge, the displacement current resulting from this countercharge that superimposes to the leakage current measured by the electrode (B) may be discarded. The other problem to consider is the inﬂuence of the deposition of the doubly scattered electrons (from the sample surface and then from the SEM chamber walls) on the sample surface [14,24,25]. The origin of this aspect of charge injection has been presented elsewhere [12] and will not tackled here, although its possible consequences on



current measurements deserve a discussion. In our geometry the sample area capable of receiving doubly scattered electrons corresponds to the opening of the enclosure (A) that is irradiated as a whole by incident electrons. Therefore, the normal component of the electric ﬁeld generated by the trapped charge decreases rapidly outward the irradiated area disk, because for a disk-like distribution of charge in plane, the electric potential is ﬂat in the middle of the charged zone and falls oﬀ as 1/r3 outside the zone. A strong electric ﬁeld is then conﬁned in the vicinity of the primary irradiated area and the doubly scattered electrons are deﬂected to impact to the grounded enclosure relatively far from the irradiated area. Thus, the contribution of such an irradiation to the amount of injected electrons in the sample may be theoretically neglected but an estimate of its weight was done by performing additional experiments. Two experimental conﬁgurations, (i) pole pieces covered with a carbon foil, (ii) pole pieces without carbon foil, were used. For each conﬁguration, the displacement current is measured. As shown in Figure 5, the diﬀerence between measured currents is less than 1% although the backscattering coeﬃcient of carbon is far lower in comparison with that of the poles pieces made out of stainless steel. This last experience clearly shows that the doubly scattered electrons could not reach the sample, so their contribution to the injected electrons in the sample may be neglected. 3.3 Samples and handling The material studied is a glass-ceramic produced commercially in the form of parallelepiped with dimensions 1 cm× 1 cm and a thickness of 0.95 mm. This glass is composed of SiO2 (72.2 wt%), NaO2 (14.2 wt%), CaO (6.4 wt%), MgO (4.3 wt%), Al2 O3 (1.2 wt%), K2 O (1.2 wt%) and many other impurities (SO3 , TiO2 , Fe2 O3 ...) at, or below, the 0.05% level. Electrical measurements (voltage-current
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Fig. 6. Time variation of displacement and leakage currents during and after electron irradiation at 13.7 kV primary beam accelerating voltage and 2 nA primary beam current. The image charge vs. time is in the inset. Open circle: displacement current Id . Open triangle: leakage current IL . Since IL (magnitude order of nA) is greater than Id (magnitude order of pA), the comparison between both currents requires a suitable plot by multiplying Id by a factor 2.



characteristic using a sample bias method) concerning the volume conductivity and the dielectric constant of this glass-ceramic are carried out on a sample with an area of ∼1 cm2 with two ohmic gold contacts obtained by evaporation. 2.5 × 10−9 Ω−1 m−1 and 4.5 are obtained for the conductivity and the dielectric constant, respectively. Prior to the experiments, the samples were ﬁrst cleaned ultrasonically in acetone bath for about 15 min. The experiments were carried out in a SEM Philips 505 at room temperature and at a pressure of 10−6 torr. The working distance (i.e. the distance between the electron gun aperture and the insulator surface) was 27.9 mm. The primary beam current was measured using a Faraday cup placed on the metallic enclosure (A) that is connected to a Keithley electrometer (model 610 C) (see Fig. 2). This current is kept at a constant value through the whole experiment time. The samples are locally irradiated in SEM fast scanning mode (50 frames per second) over an area of typically 11.34 mm2 . We study the charging of virgin sample of material (one with no previous charge history) so each sample was irradiated only one time.
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During the irradiation step, both currents are negative but the shapes of the decay curves are diﬀerent. The displacement current decays rapidly reaching a very low value after a few 10 s and thereafter remains nearly zero, while the so-called leakage current increases continuously to ﬁnally reach a saturation value. As can be seen from Figure 6, at the beginning of irradiation the trapping rate is maximum and the value of IL is in order of 11.5% of the primary beam current. During the discharge period that starts at time toﬀ , the displacement current abruptly begins to decrease positively (change of initial sign), reaching a zero, whereas the leakage current decreases negatively (keeps its initial sign) reaching also a zero. Following our experimental setup, the reader must, of course, recognize that IL is always negative because electrons leave the sample and ﬂow to the ground through the picoammeter in the charge and discharge situations whereas Id is now positive, now negative, because electrons may move towards or outwards the probe depending on each situation. After switching oﬀ the incident beam, the change of sign (with respect to that corresponding to the charging step) of current issued from the electrode (C) indicates indeed a displacement current due to the electrostatic inﬂuence whereas the changeless of sign of current issued from the electrode (B) indicates a leakage current. In order to understand the time dependent behavior of the measured currents, in what follows, we call for some physical considerations. In fact when the negative charge is build up in the insulator under electron irradiation, a negative surface potential Vs is generated at the insulator/vacuum interface [12,16], which slows the incident electrons and shifts their landing energy down to E0 +eVs , e being the electron charge (e = 1.6 × 10−19 C). This decrease of the landing energy leads to an increase of the total electron yield σ [20,26,27] causing the change of the trapped charge (dQt /dt) during electron irradiation. When the negative trapped charge reaches its saturation, the ﬂux of incoming electrons (primary beam current) is equal to the ﬂux of outgoing one (leakage current and electron emission current). In this situation a dynamic equilibrium between the charge trapping and the charge detrapping is established and the trapped charge attains then a negative saturation value. Therefore, the displacement current Id becomes equal to zero (because the time variation of trapped charge dQt /dt is equal to zero) and the leakage current becomes a constant.



4 Experimental results 4.1 Displacement and leakage currents



4.2 Calibration using the decay charge stage



Figure 6 shows the time decay of the leakage and displacement currents measured simultaneously during and after electron irradiation. The irradiation is performed at 13.7 kV primary beam accelerating voltage and 2 nA primary beam current. The inset of the ﬁgure shows the time evolution of the charge image, Qim , as obtained by integrating numerically the current Id (t) curve.



4.2.1 Electrostatic influence factor and trapped charge The time evolution of the trapped charge may be deduced using equation (4) that involves the unknown electrostatic factor K. To determine this factor, the charge balance equation (1) satisﬁed by the trapped charge Qt during the discharge was used.
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where τ is the characteristic time of charging and QS the trapped charge at saturation. τ and QS are found to be 26.51 s and 2.07 nC, respectively. The second process is modeled as: Q = QS + ∆Qe−(t−toff )/τ



Fig. 7. Time evolution of the electrostatic inﬂuence factor K, deduced from the experimental results of Figure 6.







(8)



where QS is the remain trapped charge after discharging, ∆Q is the trapped charge evacuated from the insulator during the time of discharging (∆Q = QS −QS ), toﬀ represents the time when the electron beam was blanked and τ  the characteristic time of discharging. τ  and QS are found to be 9.69 s and 0.92 nC, respectively. The time constant τ  , which refers to the following of injected charges is an indication of the mobility of charges. The fact that there is a remaining trapped charge when the incident beam is blanked is not unexpected because it is known that the detrapping process may be very long (as it is for the electrets for instance) and it is made easier by the increase of temperature, or by the application of electric ﬁeld or UV or X-ray radiation [22]. 4.2.2 Determination of surface density of injected electrons



Fig. 8. Time variation of the trapped charge under and after electron irradiation at 13.7 kV primary beam accelerating voltage and 2 nA primary beam current.



When the electron-irradiation is blanked, I0 and IE are equal to zero and the charge neutralization is only due to the leakage current, hence IL = −dQt /dt



(5)



dQt /dt is the variation of the trapped charge during the discharge. Then we get from equations (5) and (4) the electrostatic inﬂuence factor K: K = −Id /IL .



(6)



This factor is directly determined from the experimental measurements as depicted in Figure 7. This ﬁgure clearly shows that K is constant during the decay time and takes a value of 0.27. The degree of conﬁdence of the K factor only depends on the experimental errors. The obtained accuracy is found to be less than 2%. The trapped charge during and after electron irradiation is shown in Figure 8. It is now possible to study kinetics of the trapped charge and to determine its steady state value and also the corresponding characteristic time. Considering that the charging and discharging processes obey the ﬁrst order kinetics law. The ﬁrst process can be modeled with the following form:   Q = QS 1 − e−t/τ (7)



In order to study the kinetics during the electron irradiation (charging) phase, the ﬂux of injected electrons in the sample must be evaluated taking into account the deﬂections of the electron beam during this phase. In fact, the trapped charge under electron irradiation induces a repulsive (negative charging) Coulombic force that is responsible for the primary beam deﬂection, producing a dynamic distortion of secondary electron image. The timedecrease of the ratio of the apparent radius of the image and that corresponding to the beginning of irradiation is shown in Figure 9. Higher the amount of trapped charge, the smaller the ratio is. At the steady state, this ratio takes the value of 0.97. The observed distortion leads to the change of the instantaneous surface density of injected electrons in the exposed area of the sample (disc shape). Assuming that the irradiated area is uniformly scanned, the instantaneous surface density of injected electrons in the sample Ninj (t) vs. time is deduced from the following equation:  t I0 d2 (t)dt (9) Ninj (t) eSd20 0 where S is the total scanned area (see Fig. 9, image (a), sample and a metallic enclosure (A)), I0 is the primary beam current, d0 is the diameter of the hole and d(t) is the instantaneous imaged diameter of the hole. Figure 10 compares the real instantaneous surface density of injected electrons given by equation (9) and that without deﬂection correction (i.e. d(t)/d0 = 1). The ﬁgure clearly shows that, owing to the electron beam deﬂection, the surface density of injected electrons in the sample deviates from that without deﬂections as the electron irradiation progresses. Therefore, the steady state of the trapping phenomenon takes a greater time to be reached when
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Fig. 11. Comparison between the time evolution of trapped charge for 13.7 kV primary beam accelerating voltage and 2 nA primary beam current. Open triangle: with deﬂection correction. Open circle: without deﬂection correction.



deﬂections occur. But in the case of our device geometry the deviation between the two curves is 1% at the worst, or less. Taking into account the deﬂection correction, it is possible to deduce the real trapped charge kinetics. The method consists in determining the time t∗ elapsed to reach a given trapped charge Qt using: t∗ = (c) Fig. 9. The micrograph (a) corresponds to the scanned area at the beginning of irradiation, the micrograph (b) corresponds to the sample charging at the steady state. Note that the details on the middle (last output aperture of the SEM and screw holes) of (b) result from the pseudo-mirror eﬀect [16]. These micrographs are acquired at 13.7 kV primary-beam accelerating voltage and 2 nA primary beam current. The time decay of the ratio d(t)/d0 is also represented (c). The steady state is reached at the instant t = 7 s.



corr (t) Ninj t Ninj (t)



(10)



where the superscript “corr” corresponds to the surface density of injected electrons corrected from electron beam deﬂections. Since t∗ is less than t, the kinetics of trapped charge is aﬀected as shown in Figure 11 where a comparison between the time evolutions of trapped charge at 13.7 kV accelerating voltage and 2 nA primary beam current, with and without deﬂection correction. Owing to the optimized geometry of our device, one may point out that the kinetics of charging is not aﬀected by the electron beam deﬂections. 4.2.3 Electrostatic calculation In order to analyze our experimental protocol, the surface potential and electric ﬁeld in the glass outside and inside the irradiated area, are determined using elementary electrostatic calculations [20]. In these calculations, the model for the charge distribution is similar to that previously suggested [20,28] that permitted the explanation of the ﬁeld assisted diﬀusion of species in grounded insulators [29–31]. The electric ﬁeld in the gap (vacuum) may easily be directly deduced from the measurement of Qim . It is given by: FV = σim /ε0



Fig. 10. Surface density of injected electrons during electron irradiation for 13.7 kV primary beam accelerating voltage and 2 nA primary beam current. Open triangle: with deﬂection correction. Open circle: without deﬂection correction.



(11)



where σim corresponds to Qim /S and is the surface density of the image charge (in C/cm2 ); S being the surface of the scanned area (11.34 mm2 ) and ε0 the permittivity of the vacuum. The ﬁeld in the non irradiated area, Fin ,
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may also be deduced from the continuity of the normal component of the dielectric displacement condition at the vacuum dielectric interface: Fin = FV /εr



(12)



εr is the relative permittivity of the dielectric. Taking into account our experimental conditions, at the vacuum/dielectric interface the surface potential obeys: VS (1 + a) − aVg =



σh ε



(13)



with a = h/εr w where εr is εr = ε/ε0 and w is the working distance. Vg is the bias potential of the secondary electron detector grid and h is the sample thickness. Using the measured trapped charge at the steady state, 2.07 nC, the electric ﬁeld (Eq. (12)) in the glass but outside the non irradiated area (between the electron range and the backside of the sample) is in the order of 106 V/m. The surface potential is in the order of 5 kV, while the measured one using an electron Toroidal spectrometer specially adapted for applications in SEM [14,25] is found to be 7 kV. This disagreement may be explained by the fact that the charge distribution chosen in calculations (Eqs. (12, 13)) is certainly far from the reality. 4.2.4 Discussion of the K factor Due to the slowing down of the primary electrons by the external electric ﬁeld progressively established, the decrease in the length of the electron trajectories within the sample leads to the shortening of the range (penetration depth) of incident electrons in presence of trapped charges. Consequently one may expect that the coeﬃcient K evolves during the irradiation and also slightly in the opposite direction when the beam is blanked because the detrapping processes progressively expand the irradiated volume. But the K factor measured during the discharging step was found to be constant during the charge evolution (see Fig. 6). As a consequence, one may point out that this factor is independent of the volume containing the trapped charges. This lies the reason why the factor K obtained during discharging process was used to determine the trapped charge during the irradiation. The determination of K by using equation (6) during the discharging step assumes that the charge leaks away from the charged zone following only the path to the ground via the picoammeter and no other discharging mechanism involving species of residual atmosphere, for instance. As a consistency test of this fact, some measurements were made of the displacement current at 4.5 kV accelerating voltage and 1 nA primary beam current when the back side of the sample (electrode (B)) is not connected to the picoammeter (i.e. isolated sample). As depicted in Figure 12, the displacement current during the discharging step is still equal to zero, as for the stationary state of the charging step, showing that the charge disappears only through the bulk and/or along the surface to be collected after by the picoammeter.



Fig. 12. Time evolution of the displacement currents during and after electron irradiation for 4.5 kV primary beam accelerating voltage and 1 nA primary beam current. Open circle, the metallic plate B was kept ﬂoating (not related through a picoammeter to the ground). Open square, the metallic plate B is related to the ground. The trapped charge vs. time is in the inset.



One notes here a diﬃculty in the use of discharging period to determine K for highly insulating materials. The duration of the discharge, which is then very long, leads to the absence of current during this period. In this case, other methods of calibration must be used, by measuring the change of image size of the sample having a regular form (i.e. cylinder, for example) as a function of the charging [32]. In this method one may proceed by calculating the ﬁeld in the SEM for an assumed charge density, calculating the electron beam trajectory, and adjusting till the measured image contraction is matched. The neat and easy method to discharge the sample is by heating, but the method is not suitable for samples as polymers sensitive to the heat damages. The study of this method which requires a new arrangement including a heating system is in progress.



5 Determination of the total electron emission yield during electron irradiation In addition to the trapped charge study, the total electron yield during electron bombardment period was determined. The method consists in correlating the measured leakage and displacement currents during this period. Using the terminology introduced in Figure 1 where the discontinuous arrow is deﬁned as a positive direction of the current, the total electron emission yield σ deﬁned as the ratio between the total number of electrons emitted by the surface and the number of impinging electrons is deduced from the charge balance equation (1): σ =1−



IL 1 Id − · IPE K IPE



(14)



When the dynamic equilibrium is reached, the displacement current Id is equal to zero, at that time the total
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Fig. 13. Time variation of total electron emission yield σ (open triangle) and of the amount 1−β (open square) during electron irradiation for three accelerating beam voltage (8.7, 13.7 and 18.7 kV) at ﬁxed primary beam current 2 nA.



emission yield at saturation σS is equal to: σS =



Iσ IL =1− = 1 − βS · IPE IPE



(15)



In equations (14, 15), IL and Id are the absolute value of the currents. Using the measurements of the leakage and displacement currents, it is possible to obtain from equation (14), the time evolution of σ. Figure 13 displays typical curves obtained in that manner at a ﬁxed current 2 nA for three accelerating voltages 8.7, 13.7 and 18.7 kV. As can be seen from the ﬁgure, σ increases continuously during irradiation, reaching a saturation value (steady state). σ does not reach the unity, because in the charge balance equation the leakage current is involved. The time evolution of the amount 1 − β (β is the ratio between the leakage current and the primary current) is also shown in Figure 13. This ﬁgure clearly shows that σS = 1 − βS (equilibrium state) is dependent on the accelerating voltage. At steady state (saturation) σS is found to be 0.75, 0.81 and 0.87 respectively for 18.7, 13.7 and 8.7 kV. This trend may be explained if one refers to the shape of the total electron yield as a function of effective energy (i.e. eVac + eVS ) and takes into account the fact that the leakage current increases as the accelerating voltage increases. σS decreases as the surface potential increases. If a pulse was used in the present experiment, a leakage current would also be observed. Therefore there is no reason to reach a steady state with σ = 1 using an injection by pulse. In fact a steady value of σ closer to the intrinsic value of the uncharged material would be obtained. σ = 1 is reached when charges are ﬁrmly trapped [33– 35], provided the experiment is properly carried out and the situation does not correspond to the second cross-over EII .



6 Conclusion The trapped charge regulation mechanisms involve several parameters related to the electronic injection, the charac-
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teristics of insulator and the eﬀects of the trapped charge itself. The knowledge of the maximum of these parameters allows better to provide the amount of trapped charge and to understand the charge mechanisms regulation. For that purpose we propose an arrangement in order to measure, one among these parameters, the leakage current and also the displacement current. The experimental results underline the important role played by this current and show that it is possible to study the charging and discharging phenomena that take place in insulating specimens during their irradiation and to accurately determine their charging and discharging time constants. It is also possible to determine the total electron yield during electron irradiation. The most important point is that the proposed method is able to follow the charging dynamics of bare insulators. Moreover, it is possible to extend it to the ground coated insulators as investigated in electron probe microanalysis (EPMA) to determine the internal electric ﬁeld build up below the surface. Preliminary studies have shown the arrangement to be suitable as a tool for investigating insulators although further work is still necessary to fully characterize the method. Its applications concern the physics of insulators with the investigation of the trapping mechanisms. The inﬂuence of the primary beam energy on the amount of trapped charges has to be investigated systematically as well as the role of the dose on the time constants and maximum trapped charge for diﬀerent classes of insulating materials. The authors wish to thank their colleagues Pr. J. Cazaux and Dr. J. Amblard for many valuable discussions during the course of this work. This work was partially supported by CNRS with the program “cooperation Franco-Russe n◦ 9551”.
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