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Transmission electron microscopy to a resolution of 0.89Å has been achieved at the National Center for Electron Microscopy and is available to electron microscopists who have a requirement for this level of resolution.1  Development of this capability commenced in 1993, when the National Center for Electron Microscopy agreed to fund a proposal for a unique facility, a one-Ångstrom microscope (OÅM).2   The OÅM project provides materials scientists with transmission electron microscopy at a resolution better than one Ångstrom by exploiting the significantly higher information limit of a FEG-TEM over its Scherzer resolution limit.  To turn the misphased information beyond the Scherzer limit into useful resolution, the OÅM requires extensive image reconstruction.   One method chosen was reconstruction from off-axis holograms; another was reconstruction from focal series of underfocused images.  The OÅM is then properly a combination of a FEG-TEM (a CM300FEG-UT) together with computer software able to generate sub-Ångstrom images from experimental images obtained on the FEG-TEM.  

Before the advent of the OÅM, NCEM microscopists relied on image simulation3 to obtain structural information beyond the TEM resolution limit. By matching a focal series of experimental images with a series simulated from a structural model, images from a real specimen can be tested against the hypothetical model out to the information limit of the microscope.2   Many NCEM users have successfully used the NCEMSS4 program (or its MacTempas derivative) to confirm model structures beyond Scherzer resolution with focal series (e.g., Epicier5).  However, it would obviously be more useful to obtain all the information that is present in a focal series in the form of one super-resolution image.6  Initial attempts at resolution enhancement with focal-series reconstruction were carried out on images obtained on a JEOL ARM-1000.  With suitable Wiener filtering, reconstruction of a five-member series produced super-resolution images with 1.38Å information from a microscope with a useful Scherzer resolution of only 1.6Å.7   

For the OÅM project, it was decided to exploit the information limit possible with a mid-voltage field-emission TEM (FEG-TEM).2   The TEM information limit is given by uΔ = (πλΔ/2)-½ where λ is electron wavelength and Δ is the root mean square (rms) value of the (assumed gaussian) spread of focus.8  To ensure that the OÅM would be able to provide information to 1Å, both λ and Δ were suitably minimized.  Accelerating voltage was specified as 300kV to keep λ small (FEG-TEMs with voltages of 400kV were not available).  Spread of focus, Δ = CC({(σ2(V)/V2 + 4σ2(I)/I2 + σ2(E)/E2}, was minimized by placing strict limits on rms values of high-voltage ripple σ(V), objective-lens current ripple σ(I), and gun energy spread σ(E).  Initial attempts could not quite meet specification, but promised an information limit of 1.07Å.9,10   Because vibration can also reduce information limit, a special room was constructed with a low vibration foundation and heavy acoustic shielding.  With the CM300FEG-UT installed in this room, tests with displaced amorphous images showed Young’s fringes extending well past the 1Å-1 limit.11  The better-than-expected information limit was probably due to the new UT lens supply from Philips having negligible lens-current ripple.  

Although OÅM information transfer extended beyond 1Å in 1997, focal-series reconstruction was not possible because 3-fold astigmatism, of more than 20 times specification, caused severe phase distortions.  Since 3-fold astigmatism can be corrected during holographic reconstruction, attempts were made to extend resolution holographically. However, the high magnifications (10MX) necessitated by the MTF of the CCD camera made high-resolution holography difficult.12  

In 1999, a corrector13 was installed, reducing the 3-fold astigmatism coefficient, A2, from 24,600Å to 500Å, handily besting the original specification2 of 1000Å.  Since the contribution of 3-fold astigmatism to lens phase is 2πA2λ2u3/3, the spatial frequency at which it contributes a significant distortion of π/4 is uA2= (8A2λ2/3)-1/3.  Although the original A2 value of 1000Å was designed to allow negligible distortion to 1.0Å, an A2 reduced to 500Å extends this benefit down to 0.80Å.  Using a diamond test sample in “before and after” tests, Wang was able to demonstrate that the reduction in A2 restored the correct symmetry to “dumbbell” images; the “after” image showed white spots at the correct a/4 separation of 0.89Å.14  However, 0.89Å spacings in the image do not necessarily mean that 0.89Å infor​mation is coming from the specimen.  The 0.89Å spacing corresponds to the 400 spatial frequency, but the 400 image intensity spectrum component can come from “cross-aperture” beam interferences15 such as the 311 beam with the 1̅11, or the 222 with the 2̅22.  To show that 0.89Å (400) information is transferred from the specimen requires the presence of the 400 spot in the side-band of a hologram, or in the exit-surface wave from a non-linear focal-series reconstruction.  

After obtaining the 0.89Å dumbbell images, we installed a new high-voltage tank with a three times lower ripple factor of σ(V)/V=0.3ppm.  Combining this figure with an expected gun energy width of 0.7eV predicts an expected combined energy spread of 0.74eV FWHH.  Measurement with a GIF shows that the beam energy spread is really 0.93eV FWHH.  

For negligible lens current ripple, the spread of focus can be written as Δ = CC.σE/E, where σE is the combined rms value.  For the OÅM, σE = 0.93/2.355eV rms gives a 20Å spread of focus and an information limit of 0.78Å (fig.1).

With the OÅM “tuned” to have an information limit of 0.78Å and A2 negligible to 0.80Å, care was taken to ensure that acoustic vibration did not adversely affect transfer to 0.89Å.  All computers were moved to an adjoining room and camera controllers were removed to the extent of their cables (3m) and covered with acoustic panels.  Magnetic sources were reduced by replacing monitors with flat-screen panels and using a non-magnetic operator’s chair.  The programs of Thust16 were obtained and are now used routinely as the method for focal series reconstruction of the specimen exit-surface wave.  With an estimated information limit of 0.78Å, focal series reconstruction of a series of diamond images has confirmed that the OÅM has achieved a resolution of (at least) 0.89Å.17  
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Fig.2. OÅM image of diamond in [110] orientation shows 0.89Å spacing of C-C “dumbbells”.





Fig.1  Diffractogram (above) and corresponding CTF (below) are computed for current OÅM parameters.  Information limit at 0.8Å is marked by dashed line.
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