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Overview 
The recent development of fast, sensitive, pixelated detectors has led to the growing popularity of four-dimensional scanning transmission electron microscopy (4D STEM). 4D STEM involves acquiring a 2D 
convergent beam electron diffraction pattern, at every pixel of a 2D STEM raster, generating a 4D dataset containing a vast amount of information about the specimen. Here, we describe the basic principles of 4D 
STEM, including different types of information that can be extracted from 4D datasets and how the technique’s dynamic range requirements can be met using a hybrid integrating and counting Monolithic Active Pixel 
Sensor (MAPS) Direct Detection Device (DDD®). 

Introduction 
Scanning transmission electron microscopy (STEM) is a powerful tool for studying specimens at very high (sub-angstrom) spatial resolution. Conventional detectors for STEM, such as bright-field (BF), annular bright-
field (ABF), annular dark-field (ADF) and high angle annular dark-field (HAADF) detectors are monolithic, and form images, I(x, y), by integrating the total signal over a range of scattering angles in the diffraction 
plane as the focused STEM probe is rastered over a two-dimensional (2D) area of a specimen (Figure 1a). In contrast, detectors for four-dimensional STEM (4D STEM) record a pixelated, angle-resolved 2D 
convergent beam electron diffraction (CBED) pattern, I(kx, ky), for every position, (x, y), in the 2D STEM raster over the specimen (Figure 1b), yielding a 4D dataset, I(kx, ky, x, y). As with any diffraction pattern in 
TEM, the angles in the diffraction plane sampled in 4D STEM may be controlled by varying the microscope camera length. The size of diffraction discs in the CBED pattern may be controlled by varying the 
convergence angle of the STEM probe. The choice of camera length and convergence angle will depend on the types of data that one wishes to extract from the 4D STEM dataset. 

The key advantage of 4D STEM compared to conventional 2D STEM imaging is that, in a single scan, one can acquire a 4D dataset that contains all possible 2D STEM images of the sample, as well as a variety of 
novel signals that cannot be derived from conventional 2D STEM imaging. The speed and sensitivity of 4D data collection can be improved by employing a direct electron detector, which can either be used as a stand-
alone detector or can be used alongside conventional STEM detectors. For example, a 4D STEM detector can work in conjunction with a traditional annular detector, which can record a 2D image using the signal from 
a region of the diffraction plane outside of that recorded by the 4D STEM detector. This flexibility allows users to upgrade their existing STEM instruments with 4D STEM capability. 

Here, we give a basic overview of the principles of 4D STEM, including some of the types of images that can be extracted from 4D STEM datasets, as well as an overview of the types of direct detectors that can be 
used for 4D STEM. A complete review of the technique, including historical developments may be found in Ref. [1]. 
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Figure 1. Schematic diagrams illustrating conventional STEM and 4D STEM. a) In conventional STEM, monolithic detectors are used to produce images by integrating a signal from different angular regions of the 
diffraction plane. b) In 4D STEM, an entire 2D CBED pattern is recorded at each probe position of a 2D STEM raster, resulting in a 4D dataset. 

4D STEM Detectors 
The availability of high-performance electron detectors has been one of the main catalysts for the growing popularity of 4D STEM[1]. Early efforts at recording 4D datasets consisting of CBED patterns were limited by 
the relatively slow readout speeds of CCDs[2-4,5]. Recording 4D STEM data is considerably more practical when using a sensitive detector capable of millisecond or sub-millisecond readout speeds. Although 4D STEM 
is possible using a fast scintillator coupled camera, direct electron detectors are particularly well-suited to 4D STEM due to their high detective quantum efficiency (DQE) and high signal to noise ratio (SNR) compared 
to scintillator coupled cameras. 

There are two principal types of direct electron detector that have been used for 4D STEM applications, and both types have different strengths and weaknesses. A hybrid pixel array detector (PAD)[6, 7] consists of an 
array of wide, thick pixels (e.g. 150 x 150 x 500 µm for the electron microscope pixel array detector (EMPAD) described in Ref. [7] (Thermo Fisher Scientific, Waltham, MA USA) bump-bonded to an application 
specific integrated circuit. PADs typically exhibit extremely high dynamic range, due to a high saturation value per pixel[7], but their relatively small number of pixels limits the angular resolution of the detector and 
limits the ability to use the PAD as an “all-in-one” detector that can be used for other TEM imaging applications, where a large number of pixels is advantageous. In contrast, monolithic active pixel sensors (MAPS)[8-

11] use relatively thin pixels, which limits beam spreading within each pixel, allowing for smaller pixel sizes (e.g. 6.5 x 6.5 µm in the case of a DE-16 (Direct Electron, San Diego, CA USA)) and a correspondingly 



much larger number of pixels per sensor. The traditional weakness of MAPS detectors for 4D STEM is their relatively limited dynamic range, due to a relatively low saturation value per pixel. This can be mitigated to 
some degree by using the large number of pixels on the sensor to spread features of interest in the CBED pattern over many pixels. 

In many 4D-STEM experiments, it is desirable to simultaneously record very bright and faint features in the CBED pattern without saturating the detector. For example, one may wish to simultaneously record the 
bright central (0,0) beam (bright-field disc), as well as the faint signal of scattered electrons in the dark-field region. To maximize the signal-to-noise ratio of in the sparse dark-field region, MAPS detectors can be used 
to perform electron counting[12,13], which excludes background noise and normalizes the signal of each detected electron. However, isolating and counting each primary electron incident on the detector requires sparsity 
(i.e. < ~0.1 e– per pixel), which is generally not satisfied in the intense bright-field disc. Hybrid counting and integrating techniques can provide a method of overcoming the challenge of limited dynamic range for 4D 
STEM using MAPS detectors[14,15]. 

Direct Electron has developed a patent-pending hybrid counting technique[15], which is implemented for our DE-16 detector. The workflow of the method is illustrated in Figure 2. During 4D STEM data acquisition, 
specialized software (DE-4DExplorer) is used to calculate a sparsity map for each frame. The sparsity map is a binary mask corresponding to regions of the frame where the number of primary electrons per pixel is low 
enough to be processed using electron counting. In these sparse regions (primarily in the dark-field area of the diffraction pattern), individual primary electron events can be distinguished and thus electron counting can 
be used to improve SNR by effectively eliminating the Landau noise caused by the variable amount of energy deposited on the sensor by each primary electron[16,17]. In bright regions (such as the bright-field disc), there 
is a sufficient number of primary electrons to statistically diminish Landau noise. However, in these bright areas many primary electrons are recorded by the same or neighbouring pixels, making it impossible to 
distinguish individual electron events using electron counting algorithms. To maximize the SNR without sacrificing linearity, the hybrid counting technique performs electron counting in the sparse regions of the 
CBED pattern while using conventional integration in non-sparse regions. The intensity of non-sparse regions is scaled based on the average pixel intensity per primary electron. Thus, the intensity value for each pixel 
in the final processed frame approximately corresponds to the actual number of primary electrons incident on each pixel in each frame. By applying this hybrid counting technique, the DE-16 can image the low-angle 
dark-field regions of the CBED pattern with a high SNR, while simultaneously recording useful information from the more intense bright-field disc. 

Note that Direct Electron’s hybrid counting method automatically detects sparse regions in each recorded camera frame without prior information from the user. Electron counting is performed without manually having 
to define the position and size of the bright and sparse regions in advance. In principle, hybrid counting may therefore be applicable not only to 4D STEM, but also to other techniques that require high sensitivity and 
high dynamic range, such as electron energy loss spectroscopy (EELS). 



 

Figure 2. Illustration of the hybrid-counting technique. During data acquisition, the DE-4DExplorer software calculates a sparsity map for each frame. This is a binary mask corresponding to regions of the frame where 
the number of primary electrons per pixel is low enough to be processed by electron counting. Within the masked (yellow) area of the frame, data is recorded in counting mode. In the remaining area, data is collected in 
integrating mode. The data is then merged to form a hybrid counted frame, exhibiting a high SNR in the dark-field region, whilst simultaneously preserving information from the more intense bright-field disc. 



4D STEM Data Analysis 
4D STEM datasets occupy far more computer memory than a conventional STEM image. For example, a 4D STEM dataset consisting of a 1024x1024 pixel CBED pattern recorded at every pixel of a 1024x1024 
STEM raster and stored in 16-bit format will occupy ~2 TB of memory. The acquisition of 4D STEM data also requires very high rates of data transfer compared to 2D STEM imaging. For example, a data transfer rate 
of ~2 GBs–1 is required for 4D STEM acquisition of 16-bit 1024x1024 pixel CBED patterns at a rate of one frame per millisecond. In practice, the memory occupied by a 4D STEM dataset may be reduced either by 
limiting the number of spatial pixels in the STEM raster, by using fewer pixels to record patterns in diffraction space, or by downsampling the data after acquisition. 

Analysis of 4D STEM datasets typically requires a powerful computer and specialized software. The data presented below has been analyzed using a combination of custom written Python code, as well as libraries 
from Hyperspy[18] and py4DSTEM[19]. Other software tools currently available for the analysis of 4D STEM data include LiberTEM[20], Pycroscopy[21], pixStem[22], pyXem[23] and the Cornell Spectrum Imager plugin 
for ImageJ[24], which was originally written for the analysis of hyperspectral data, but now also includes 4D tools. 

One of the simplest operations that can be applied to the 4D dataset is to mask an area of diffraction space and integrate the signal from within the mask in each diffraction pattern to recover a 2D STEM image[6,25,26]. 
This is illustrated in Figure 3 for a 4D dataset recorded from a sample of SrTiO3 imaged along a [001] direction. Using this masking technique, images equivalent to that of any conventional STEM detector (e.g. BF, 
ABF, ADF) can be generated, but with the advantage that the 4D STEM dataset allows complete flexibility in choosing detector angles. Indeed, one can vary the shape and position of the mask, to generate images from 
any kind of “virtual detector”[27]. For example, one can choose to reduce the convergence angle of the STEM probe such that Bragg discs are well separated and do not overlap. In this mode, diffraction patterns are 
often referred to as nanobeam electron diffraction (NBED) or nanobeam diffraction (NBD) patterns, rather than CBED patterns. One can then generate an image analogous to that of dark-field TEM by placing a 
circular mask around a diffracted Bragg disc in the NBED pattern, with the mask acting as a virtual objective aperture[28-32]. 

In addition to reconstructing images using simple masks, 4D STEM enables the reconstruction of differential phase contrast (DPC) images[2,33-35], which were previously only available by using segmented detectors[36], 
and “Centre of Mass” (COM) images[6,37], which are unique to 4D STEM, and have also been referred to as “first moment” or COM DPC images in the literature[1,35,38]. DPC and COM both essentially measure the 
magnitude and direction of the average shift in the 2D momentum of the electron probe for each CBED pattern in the 4D STEM dataset. The DPC and COM imaging modes are sensitive to specimen and crystal grain 
orientation[6], as well as to electric fields in the specimen[33,39-44], which can cause a shift in the average momentum of the electron probe either by displacing the entire diffraction pattern, or altering the distribution of 
intensity within the diffraction pattern, depending on the relative length scales of the probe and the source of the field[37]. Magnetic fields can also be detected using DPC and COM when operating the microscope in a 
Lorentz mode[2,7,34,45,46]. An example of COM imaging is shown in Figure 4. For a diffraction pattern consisting of pixels with coordinates k = (kx, ky), and with the intensity in each pixel defined as I(k), the position of 
the centre of mass in the diffraction pattern can be defined mathematically as: 

kCOM=∫k I(k) dk 

A suitable choice of origin for measuring kCOM is the position of the centre of the probe in vacuum when no specimen is present, which under ideal conditions should correspond to the centre of the optic axis and the 
centre of the detector. The effect of the nuclear potential on the COM is apparent when imaging a specimen at atomic resolution[33,39,47,48]. Figures 4a and 4b show the magnitude and direction respectively of the shift of 
the COM for the same area of the SrTiO3 sample displayed in the images in Figure 3. The magnitude of the shift of the COM is strongest when the probe is close to, but not directly on top of, the Sr and Ti/O columns, 
and the direction of the shift is oriented towards the columns. Here, the COM images are measuring the deflection of the negatively charged electron beam by the screened, positively charged atomic nuclei. 

As with the generation of conventional STEM images from 4D STEM data, one has complete flexibility to apply a mask of any shape or size to the 4D dataset when generating DPC or COM images, enabling the DPC 
or COM associated with specific regions of the CBED or NBED pattern to be calculated[37]. 

Another application of 4D STEM is mapping local changes in lattice constant and local strain within the specimen[49-51]. Strain information can be extracted from 4D STEM datasets in different ways. When acquiring 
4D STEM data containing NBED patterns with well separated Bragg discs, strain is encoded in the disc positions[52], or (for very thin samples) the disc centre of mass[53]. For polycrystalline or amorphous materials, the 
ellipticity of NBED patterns may also be useful[54]. 

Further techniques that can make use of 4D STEM datasets include mapping of crystal grain orientations in a specimen[3,4,55-57], where there is some overlap between 4D STEM and the similar technique of nanobeam 
precession electron diffraction[58], and electron ptychography, in which computational methods are used to reconstruct the projected potential of the specimen, with the potential for spatial resolution beyond that of 
traditional STEM imaging techniques[59-70]. A number of other imaging modes besides those mentioned above may also be performed using 4D STEM[1]. As 4D STEM is a relatively new and growing technique, there 
may be further imaging modes that are yet to be developed that can take advantage of the wealth of information contained in 4D STEM datasets. 



Figure 3. a) A position-averaged CBED (PACBED) pattern, derived from a 4D STEM dataset acquired from a SrTiO3 sample, imaged along a [001] direction. b) Diagram of the crystal structure of SrTiO3 in a [001] 
projection. c) Example of a mask that can be applied to the 4D dataset to produce a BF image. d) Example of a mask that can be applied to the 4D dataset to produce an ABF image. e) Example of a mask that can be 
applied to the 4D dataset to produce an ADF image. The crystal diagram in the lower corner of each image indicates atomic column positions. The spacing between adjacent Sr atomic columns (green) is ~3.9 Å.  



 
Figure 4. a) Image showing the magnitude of COM shifts in a 4D STEM dataset acquired from a sample of SrTiO3. The largest COM shifts occur when the probe is adjacent to an atomic column. The diagram be-neath 
the image illustrates how the magnitude and direction of the shift in the COM are defined with respect to the position of the centre of the probe in vacuum. b) Map showing the direction of COM shifts from the same 
dataset as in (a). When the probe is positioned adjacent to an atomic column, the COM shifts towards the column. The direction indicated by each colour is shown by the colour wheel beneath the image.  

  

Materials and Methods 
The data presented in this article was acquired on an Aberration Corrected FEI/Thermo Scientific Titan 80-200 S/TEM (Thermo Fisher Scientific, Waltham, MA USA), operated at 200 kV with a STEM probe current 
of ~20 pA and a probe convergence semi-angle of 24.5 mrad. A DE-16 direct detection camera (Direct Electron, San Diego, CA USA) was used to record 4D STEM data. Each of the CBED patterns in the 4D STEM 
data was captured using a 1024x1024 pixel centred area of the 4096x4096 pixel sensor. A hardware binning of 2 was applied to the CBED patterns, reducing them to 512x512 pixels in size, allowing the 4D STEM 
dataset to be recorded at a rate of ~1100 frames per second (fps). Higher frame rates (up to >4200 fps) are accessible by further reducing readout area. 

The wedge-shaped single crystal SrTiO3 [100] test specimen was prepared by multistep mechanical polishing at 1.6° tilt, followed by further thinning in a Fischione 1050 ion mill (E.A. Fischione Instruments, Inc., 
Export, PA, USA). The specimen was gently cleaned using an Ibss GV10x DS Asher cleaner (Ibss Group Inc., Burlingame, CA, USA) before being transferred into the TEM column. 

  

 



Summary and conclusions 
In summary, 4D STEM is a versatile technique that enables a multitude of different types of analyses to be performed on a specimen. These include reconstructing images equivalent to those of any traditional STEM 
detector of any shape or size, imaging of electric and magnetic fields, mapping strain within a specimen, mapping crystal grain orientations, analyzing medium range order, and generating ptychographic reconstructions 
with high spatial resolution. Both hybrid PADs and MAPS detectors may be used for 4D STEM. Using  a hybrid counting method, implemented on detectors such as the DE-16, dynamic range and sensitivity are 
sufficient to allow simultaneous imaging of the bright-field disc and low-angle dark-field regions, overcoming a traditional weakness of the MAPS architecture, allowing users to record 4D STEM datasets that take 
advantage of the angular resolution available to a detector with a high pixel count. 4D STEM methods using pixelated direct electron detectors can complement existing STEM detectors and can readily be implemented 
on existing STEM instruments. 
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