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Time-dependent measurement of the trapped charge in electron irradiated insulators: Application to Al2O3 –sapphire M. Belhaj,a) S. Odof, K. Msellak, and O. Jbara DTI EP 120 CNRS Faculte´ des Sciences, BP 1039, F-51 687 Reims Cedex 2, France



共Received 9 November 1999; accepted for publication 23 May 2000兲 A method is described which uses a scanning electron microscope for the investigation of charge trapping in insulators under electron bombardment. The technique commonly used to deduce the amount of trapped charge and its spatial extent is based on the mirror effect, while in the present approach the electron-beam deflections are measured during the primary irradiation. We have performed measurements of the trapped charge during time in an Al2O3 –sapphire sample under electron irradiation. Furthermore, the effects of the electron-beam energy and current on charging are also examined and the errors concerning the method are discussed in detail. © 2000 American Institute of Physics. 关S0021-8979共00兲00817-3兴



tion. Bigarre´ et al.19 and Berroug et al.20 have proposed to follow Q t during the electron injection by recording the absorbed current. These studies on the space-charge formation in insulators under electron irradiation show that the phenomenon is complex, involving many effects such as the adsorption of molecules and atoms from the residual atmosphere or the desorption of various species.3,4,7 In this article, another method, carried out in a SEM is presented, which allows us to measure the trapped charge under electron-beam irradiation. In order to determine the charge, numerical simulations of the primary electron deflection are performed. These simulations lead to images which are compared to the experimental ones obtained in secondary electron mode. The effects of the primary beam energy and current on the amount of the trapped charge in Al2O3, sapphire are studied. Preliminary results on the kinetics of electron trapping–detrapping features are also obtained. Finally, the range of errors and the sensitivity of the proposed method are estimated.



I. INTRODUCTION



The investigation of insulating samples by using scanning electron microscopy 共SEM兲 or associated microanalytical techniques such as electron probe microanalysis 共EPMA兲, Auger electron spectroscopy 共AES兲, etc., is limited by the so-called ‘‘charging effects.’’ These effects result from the dynamic competition between the flux of incoming electrons I 0 共primary electrons兲 and the flux of outgoing ones I  共backscattered and secondary electrons兲. When the incident electron beam strikes an electrically conductive sample, the excess of incoming electrons (I 0 ⬎I  ) or the excess of generated holes (I 0 ⬍I  ) flows quickly from the sample to the ground. In the case of insulators this excess is trapped in the sample that charges. The electron traps may be intrinsic defects or extrinsic ones due to the irradiating beam.1–7 In SEM, the charging effects can cause aberrations such as distortion of the image due to the electron-beam deflection and anomalous secondary electrons contrast.8–11 Numerous experimental techniques have been proposed for investigating charging of insulators under electron irradiation. In AES, the surface potential V s is obtained from the peak energy shift of the Auger lines or of the secondary electrons.1,12,13 In EPMA V s , is obtained from the high-energy cutoff 共Duane Hunt limit兲 of the x-ray bremsstrahlung emitted from the sample.9,14 Brunner and Menzel have measured the surface potential by evaluating the deflection of a ‘‘measuring’’ electron beam parallel to the target surface.15 The most often used technique performed in SEM to study the charging effects is the mirror method.1,6,16–18 This technique involves implantation of a charge in the sample under high electron-beam energies, then scanning the electron-irradiated area at low beam energies. The negative implanted charge, which plays the role of an electrostatic mirror, reflects the primary incident electrons in the vacuum. The resulting microscope chamber image is then used to deduce quantitative information on the amount of trapped charge Q t and on its spatial extent after the electron injec-



II. EXPERIMENTAL PRINCIPLE AND SAMPLE DESCRIPTION



The experiments were performed with a SEM Philips 505, wherein an insulating sample of spherical shape was lying on a grounded metallic grid, as used by Kotera.21 The trapped charge under electron irradiation induces an attractive 共positive charging兲 or a repulsive 共negative charging兲 Coulombic force which is responsible for the primary beam deflection. Consequently, secondary electrons generated on a ‘‘point’’ B different from the expected one, A, are collected 共see Fig. 1兲 and a dynamic distortion of secondary electron image is observed. The amount of trapped charge is obtained by comparing the distorted experimental secondary electron images to simulated images derived from analytical calculation of the electron-beam deflection. The distortion evolution of the monitored image (340⫻320 pixels) is recorded at the rate of 20 images per second. The investigated samples obtained from Goodfellow are 99.9% pure Al2O3 –sapphire spheres with a diameter d of 1.5
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FIG. 2. Dynamic distortion of the grid and the sphere 共change of its apparent diameter兲 during electron irradiation (E 0 ⫽13 keV, I 0 ⫽3 nA). The chosen images are taken at the following instants: 共a兲 t⫽0 s, 共b兲 t⫽17 s, 共c兲 t⫽70 s.



FIG. 1. Schematic illustration of the experimental measuring system and of electron-beam deflection due to the trapped charge in the insulating sphere 共case of repulsive force兲. L is the working distance and ␣ 0 the initial scanning angle.



mm 共Reference type No. AL666805兲. The relative dielectric constant ⑀ r is equal to 9 and the electric resistivity is about 1016 ⍀ cm at room temperature. The grid used is of 0.28 mm spacing. In order to improve the secondary electron contrast between the grid and the carbon-coated sample holder, the grid is coated with gold. Prior to the experiment the samples are cleaned in acetone in an ultrasonic bath and then rinsed with distilled water. The measurements are made at room temperature and at a pressure of 2⫻10⫺6 Torr. To reduce the electrical influence of the grounded inner side of the SEM chamber and of the pole pieces, the work distance is, typically, set in the range of 20–30 mm. To avoid any interference with the charge measurement, the vacuum gauge is turned off and the secondary electron detector grid is not biased. The incident beam current I 0 is measured with a Faraday cup connected to a Keithley electrometer. III. ELECTRIC-FIELD CALCULATION AND SIMULATION OF ELECTRON-BEAM DEFLECTION



Starting from the first-order approximation that the trapped charge Q t is uniformly distributed on a sphere surface, the electrostatic problem is equivalent to a point charge located at the center of the sphere 共this assumption will be discussed below in Sec. V兲. When a semi-infinite medium is bounded by another medium, characterized by their dielectric constants ⑀ 2 and ⑀ 1 , respectively, the potential created by a charge Q embedded in the medium ⑀ 1 is that created by the charge itself and by its image of weight KQ, where the constant K is K⫽( ⑀ 1 ⫺ ⑀ 2 )/( ⑀ 1 ⫹ ⑀ 2 ). In the case of a metal/dielectric interface, ⑀ 2 is infinite and K is equal to ⫺1. Taking these considerations into account 共electric image theory: see, for instance, Ref. 22, and references therein兲 and using the above approximation 共uniformity of superficial



charge distribution兲, the electrostatic system can be studied. It is equivalent to a dipole and consists of a point charge 共located at the center of the irradiated sphere兲 and of its opposite sign image 共obtained symmetrically with respect to the plane of metal兲, the whole being set in the vacuum. The analytical expression of the corresponding electric field can be easily calculated in the three-dimensional space. The electron trajectories are derived by numerical time integration of Newton’s law of the acceleration in the calculated electric field. The simulation of the electron-beam deflection for a given parameter Q t leads to the ‘‘binary’’ image of the system sphere and grid, which is compared to the experimental one.



IV. EXPERIMENT AND RESULTS A. Charging measurement and trapped charge



The system sphere and grid is irradiated with various primary beam energies E 0 , ranging from 13 to 30 keV. The dynamic distortion of the grid and the change of the imaged diameter of the sphere are recorded up to stabilization and are shown for three instants in Fig. 2. The stabilization occurs when the trapped charge reaches its steady value Q St . This procedure requires that the observed kinetic time constant of the charging phenomenon is larger than the time for taking one image 共20 images per second兲. The experimental gray-level image is then converted to an image where the black level 共zero value兲 is assigned to the carbon film 共sample holder兲 and the white level 共unit value兲 is associated with the grid and the sphere. Let us consider A and B(Q t ) the matrices corresponding to the experimental and calculated images, respectively. Q t is the trapped charge parameter. Using the result of the meanleast-squares method, the apparent trapped charge is deduced from comparison between experimental and simulated images when the following quantity is reduced to a minimum: „A i, j ⫺B i, j 共 Q t 兲 …2 . 兺 i, j



共1兲



A i j and B i j are the elements of the binary matrices A and B(Q t ). The best agreement with the experimental data corresponds to the biggest minimum shown in Fig. 3共a兲, which represents the variation of expression 共1兲 as a function of the parameter Q t . The observed periodic oscillations reflect the mesh spacing of the standard grid used. The comparison be-



J. Appl. Phys., Vol. 88, No. 5, 1 September 2000



Belhaj et al.



2291



FIG. 5. Trapped charge at the steady state as a function of the incident current density J 0 . The incident electron energy is 20 keV.



FIG. 3. 共a兲 Typical result of least-squares comparison between the experimental ‘‘binary’’ image and simulated images for a parameter Q t varying from 0 to 4 nC. 共b兲 Experimental ‘‘binary’’ image. 共c兲 Simulated image with the optimal parameter given by the least-square comparison: Q t ⫽0.98 nC. Experimental conditions: E 0 ⫽20 keV, I 0 ⫽2.4 nA.



tween the ‘‘binary’’ experimental image 关Fig. 3共b兲兴 and the simulated one 关Fig. 3共c兲兴 for the optimal amount of trapped charge is also shown. B. Influence of the primary electron current density on trapped charge



This study was done at a primary beam energy of E 0 ⫽20 keV. Varying the current density J 0 can be performed either by varying the magnitude of the primary current I 0 or by changing the magnification 共i.e., increasing or decreasing the scanned area兲. The experimental results are shown in Fig. 4. The time taken for the specimen to fully charge up



FIG. 4. Trapped charge vs irradiation time at 20 keV for 1.1 and 2.2 nA incident beam currents, respectively. In the inset, the trapped charge as a function of dose using the reduced variable I 0 t is presented.



共time constant兲 is current dependent, while the value of the trapped charge at the steady state remains constant as a function of J 0 共see Fig. 5兲. The inset of Fig. 4 represents the trapped charge as a function of dose 共using the reduced variable I 0 t) and shows that the main parameter for a given energy is the injected dose and not the dose rate. Presently, a number of papers in the literature show that the charging is dependent on the applied current density but these densities are a few magnitudes of order larger compared to those investigated in this work. For instance, Melchinger and Hoffmann12 observed that the charging of a single crystal of Al2O3 increases with increasing of J 0 , and they suspected that this effect was due to radiation-induced conductivity in the interaction volume region. Gong and Ong5 irradiated ␣-quartz samples by a focused electron beam and showed that the charge is proportional to I 3/4 0 , but this effect is due to the fact that the beam current increases as the beam size increases 共increase of electron interaction volume兲. C. Influence of the primary beam energy



The measurement of the amount of trapped charge is carried out on sapphire at steady state and its evolution as a function of the primary beam energy is studied. In order to check the reproducibility of the results, the measurements are repeated using three different samples with the same specification 共see Sec. II兲. As shown on Fig. 6, an increase of the negative charge exhibiting the primary beam energy is ob-



FIG. 6. Trapped charge at the steady state as a function of the incident beam energy for three samples numbered from 1 to 3.
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FIG. 8. Surface density of trapped electrons vs injected electron surface density at the three different beam energies, 13, 20, and 30 keV. FIG. 7. Mean penetration depth vs incident electrons energy in Al2O3 共after Seiler, see Ref. 23兲.



served. This behavior is associated with the increase of the interaction volume due to that of the electron range and, hence, the number of preexisting and induced irradiation traps. Figure 7 shows an approximation of the meanpenetration depth R in Al2O3 as a function of primary beam energy according to the Seiler23 expression, Eq. 2:



冉 冊



1.15⫻102 E R ⫽  m  / 共 kg/m3兲 keV



1⫹⌫



,



共2兲



where  is the target density 共⫽3.97 g/cm3兲, E is the electron impact energy, and ⌫⫽0.66 the energy exponent for sapphire.12 D. Charging kinetics



The primary electrons irradiate both the sphere and the sample holder. In order to deduce the instantaneous surface density of injected electrons in the sphere N inj(t) 共injected electrons/cm2兲, the deflections of the electron beam during irradiation have to be taken into account. Assuming that the system sample holder and sphere are uniformly scanned, the instantaneous surface density of injected electrons in the sphere N inj(t) versus irradiation time t is deduced from the following equation: N inj共 t 兲 ⫽



兰 t0 d ⬘ 2 共 t 兲 dt 1 , I0 eS d2



共3兲



where S is the total scanned area 共projected area of the sphere⫹sample holder兲, I 0 is the primary beam current, and d ⬘ (t) is the instantaneous imaged diameter of the sphere. The instantaneous surface density of trapped electrons N trap 共trapped electrons/cm2兲, as a function of the injected instantaneous surface density in the sphere, is presented in Fig. 8 at primary beam energies 13, 20, and 30 keV. As soon as irradiation begins, a sudden increase of the trapped charge is observed (I 0 ⬎I  ),I  being the flux of emitted backscattered and secondary electrons. This increase gives rise to a negative surface potential V s , which decelerates the incident electrons and shifts their energy to E 0 ⫹eV s . This decrease of the impact energy leads to an increase of the secondary electron yield  ⫽I  /I 0 . The steady



state is then reached when the electron landing energy is equal to E CII , the second energy critical point (  ⫽1;I 0 ⫽I  ). The curves 共solid lines兲, plotted in Fig. 8, are obtained by fitting experimental data 共symbols兲 using a first-order electron trapping kinetics 共see Ref. 24, and references therein兲 as follows: s N trap⫽N trap 共 1⫺e ⫺⌺N inj兲 ,



共4兲



s N trap



where is the steady-state surface density of trapped electrons and ⌺ the effective cross section of electron trapping. The cross section is calculated at three primary beam energies 共13, 20, and 30 keV兲 and has a value of about 10⫺13 cm2 共see Table I兲. The experimental work of Guo, Maus-Friearicas, and Kemster25 in environmental AES shows that charging of Al2O3 could be compensated completely in an oxygen environment and that an O2 atmosphere of 5⫻10⫺8 Torr is more efficient than an Ar environment of 10⫺4 Torr. According to the work of Jardin et al.7 on sapphire, the main bulk defects responsible for the electron trapping are associated with the oxygen vacancies and related F ⫹ and F centers 共preexisting or induced under electron irradiation兲 observed by cathodoluminescence spectroscopy. These experiments indicate clearly that the main defects inducing electron trapping are oxygen vacancies that constitute attractive Coulombic centers for which the effective electron trapping cross section26 is between 10⫺11 and 10⫺14 cm2. This order of magnitude is in agreement with the values obtained in the present work 共see Table I兲. Caution must be taken because contaminated layers can play a significant role in charging of the sample.6,27 However, the trapping generated by the contaminated layers cannot be only



TABLE I. Calculated effective cross section by using the first-order electron trapping kinetics. E 0 (keV)



S (1011 cm⫺2) N trap



⌺(10⫺13 cm2)



13 20 30



1.5 2.6 3.7



5.4⫾1.6 5.8⫾1.0 6.5⫾1.4
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responsible for this value since the density of trapped charge increases with the primary beam energy 共i.e., increasing of the electrons penetration depth兲 共see Fig. 6兲.



V. DISCUSSION



The electron trajectory simulations are performed with the assumption that under electron bombardment the surface of the sphere is uniformly charged. However, if we take into account those simple considerations, the actual charge distribution could deviate significantly from that assumed in the model 共Sec. II兲: 共i兲 The flux I  of emitted secondary and backscattered electrons increases with the angle of incidence28 共this angle increases when the electron moves from the top to the side of the sphere兲. Consequently, the trapped charge distribution also varies from the top to the side of the sphere. 共ii兲 When the primary beam impinges on the grid or the sample holder, a part of the emitted electrons could impact the bottom side of the sphere. However, the simple following electrostatic considerations are also taken into account: Due to the electrostatic symmetry of the sphere, it is obvious that the superficial density charge distribution  is unchanged by rotation around the z axis. Therefore, the electric field created by this charge distribution is that of a point charge located at a point situated at the z axis, somewhere between the top and the bottom of the sphere. The position depends on the spatial charge distribution. However, the errors in the Q t measurement due to variation of the real charge distribution compared with the assumed one 共i.e., the centered charge is located at the center of the sphere兲 have been evaluated. The results indicate that the induced errors are independent of the primary beam energy and that the trapped charge may be underestimated or overestimated 共40%, at the worst兲. The simulations of the electron deflections for a given trapped charge Q t are performed assuming that the sample holder and the grid are perfectly perpendicular to the column axis of the microscope that passes through the center of the sphere. It was established that small errors in the tilt angle 共less than 2°兲, and also in the work distance measurement 共about 2 mm兲, do not induce significant changes in the calculated trapped charge Q t . In order to evaluate the data, it is necessary to known accurately the mesh spacing of the grid, the diameter of the sphere, and also the dimensions of the total irradiated area. An inaccuracy of ⬃0.1 mm in the dimensions might lead to a systematic error of less than ⌬Q t ⫽0.08 nC. The minimum charge generating an observable distortion mainly depends on the primary beam energy. For example 共see Fig. 6兲, this minimum takes a value of about 20 nC/cm2 at 30 keV 共i.e., 2⫻10⫺7 nC/  m2, or a few thousand electrons per m2兲. Taking into account this order of magnitude, the present method seems to be very sensitive since a small charge is sufficient to produce a significant electron deflection.
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VI. CONCLUSION



In this work, a method to determine the trapped charge under electron bombardment is presented. The main advantage of the method is that the measurement is performed under electron bombardment by correlating the dynamic beam deflection to the amount of trapped charge. Moreover, the present method, due to its dynamic character and high sensitivity, can be complementary to the mirror method. The influence of the primary beam energy on the sign and the amount of trapped charge is studied. A negative charging is observed for energies ranging from 13 to 30 keV. The influence of the primary current on the amount of trapped charge is studied and no significant change in its saturation value is observed in the range investigated here. Through the preliminary results on the effective cross section of electron trapping, we have also illustrated the ability of the method to study the kinetics of the electron trapping–detrapping phenomena. We have undertaken this work in the hope of deducing the effective cross section of these phenomena with good accuracy and of understanding the trapping–detrapping mechanism. To avoid geometrical complications and the resulting measurement errors encountered in the study of the sphere, our work is now concentrated on samples with a more adapted geometry, such as a disk.
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