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Abstract 

Direct electron detectors (DeDs) have been widely used for imaging studies because of 

their higher beam sensitivity, lower noise, improved pixel resolution, etc. However, 

there have been limited studies related to the performance in spectroscopic applications 

for the direct electron detection. Hereby, taking the advantage of the DeD installed on 

a high-performance electron energy-loss spectrometer we systematically studied the 

performance of a DeD (Gatan’s K2 IS) fitted on an aberration-corrected transmission 

electron microscope (TEM) equipped with an electron monochromator. Using SrTiO3 

as the model system, the point spread function in the zero-loss region of the spectrum 

and the performance for core loss spectroscopy have been investigated under both 200 

kV and 80 kV operating conditions. We demonstrate that the K2 detector can achieve 

an overall better performance at 200 kV than a charge coupled device (CCD) detector. 

At 80 kV, the K2 DeD is still better than a CCD, except for the relative broad tails of 



2 
 

the zero-loss peak. The signal-to-noise ratio is very close for DeD and CCD under 80 

kV. Based on our data obtained at different operating voltages, it is clear that DeD will 

benefit the microscopy community and boost the development of cutting-edge materials 

science studies by pushing the frontiers in electron energy-loss spectroscopy. 

 

Key Words: direct electron detector, electron energy-loss spectroscopy, SrTiO3, 

transmission electron microscopy 

 

1. Introduction 

In the past few decades, the electron energy-loss spectroscopy (EELS) technique has 

stepped into a period of great developments.[1-3] EELS has been widely used in many 

fields including, but not limited to, materials sciences, physics, and biological sciences, 

etc.[4-7] This technique has proved itself to be an indispensable tool to detect the 

chemical composition, physical bonds, magnetic signals, atomic vibration modes, etc. 

with unparalleled spatial resolution. In the last decade or so, owing to the development 

of the monochromators and aberration correctors, there have been significant 

improvements in both the energy resolution and the spatial resolution in transmission 

electron microscopy (TEM), making TEM more and more popular and versatile 

technique in a variety of applications. [8-10]  

In parallel, the development of direct electron detector (DeD) cameras has boosted 

the explosive development of the cryo-TEM for imaging beam-sensitive materials. 

[11,12] Such developments have been a key factor in the award of the 2017 Nobel Prize 

in Chemistry and have made cryo-TEM the “Method of the Year” in the journal Nature 
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Methods.[13,14] Compared to the indirect electron detector, the DeD has a totally 

different structure design, which helps to improve the signal-to-noise ratio (SNR), avoid 

the signal delocalization, and shorten the acquisition time, etc.[15,16] Since the DeD 

system has already demonstrated so many advantages in the field of imaging, it would 

be instructive to explore the performance of such a camera in spectroscopic application 

when the detector is used to record spectra. Some early trials have been carried out with 

K2 EELS to acquire O K edge of vitrified ice, but exploration of the acquisition 

parameter space in materials science applications has been limited.[17] Since our 

laboratory has one of the world’s first K2 IS Summit direct electron detection camera 

(referred to K2 for simplicity, keeping in mind this camera also allows super-resolution 

mode) installed on the monochromated and double-corrector TEM, we take advantage 

of this configuration to share our experience on using the K2 detector, providing future 

users quantitative information on noise, point spread function, high energy-loss 

response to better understand the performance at different operating voltages and 

electron counts. We demonstrate that the K2 detector has a better point spread function, 

allows shorter acquisition times, a better SNR and a better detective quantum efficiency 

(DQE) at 200kV. While, for 80kV, the point spread functions and SNR for both 

detectors are almost the same, the K2 detector has broader tails than the CCD. 

 

2. Experimental section 

The EELS characterization was carried out on two different cameras: a conventional 

CCD detector (Gatan’s US1000) and K2 IS DeD. Both cameras are at the back of an 
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electron energy-loss spectrometer (Gatan Imaging Filter-GIF quantum model 966) with 

the default configuration being the CCD fixed at the very back of the GIF and the K2 

being inserted, when desired, in front of the CCD. This requires additional alignment 

settings of the spectrometer being loaded by the spectrometer software when the K2 is 

inserted. The K2 was operated under electron counting mode. The spectrometer with 

the two cameras is installed on an FEI Titan 80-300 TEM equipped with one 

monochromator and two aberration correctors. Since the tests were conducted within 

the same microscope, one can easily control the same experimental conditions to make 

the comparison fair (e.g. same energy resolution, probe current, etc.). Of most interest 

here, is the evaluation of the performance of the two detectors under both 200 kV and 

80 kV operating voltages.  

SrTiO3 single crystalline samples were prepared as the model system for the TEM 

observations. The TEM samples were fabricated using the focused ion beam (FIB) lift-

out method and were further polished by Gentle MillTM at 500 eV with Ar ions to 

remove the surface amorphous layer. The thickness of the TEM sample was estimated 

to be around 0.5λ at 200 kV, where λ is the total inelastic mean free path of SrTiO3. The 

λ of SrTiO3 is estimated to be 90 nm at 200 kV and the thickness of the sample was 

about 40-50 nm. [18] 

The EELS data were obtained in scanning transmission electron microscopy (STEM) 

mode with a camera length of 29.5 mm and no drift correction was applied during the 

acquisition. The size of entrance aperture of the spectrometer system was 5 mm, which 

could take full advantages of the 4k×4k pixels2 and provide the largest energy range 
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and best performance of the K2.[19] The convergence angle for the experiments was 

19.1 mrad and the collection angle for the GIF system was 39.6 mrad. When required, 

the monochromator was excited for medium-high energy resolution (0.16 eV- as 

measured at the full-width at half maximum of the zero-loss peak as discussed below- 

at 200 kV and 0.18 eV at 80 kV) and the beam current was 70 pA at 200 kV and 60 pA 

at 80 kV. When optimized at lower operating voltages and the very highest dispersion 

alignments of the spectrometer, the energy resolution of the system can be as low as 50 

meV, but such conditions are beyond the scope of current work. 

 

3. Results and discussion 

The energy resolution of EELS is conventionally defined as the value of full width 

at half maximum (FWHM) of the zero-loss peak (ZLP). Since K2 detector has smaller 

dynamic range (the number of electrons to saturate K2 is expected to be 10 

electrons/pixel/second) and shorter acquisition time (400 frames/second for K2), a  

0.04% “duty cycle” (the duty cycle is defined as the fraction of a time period that the 

system is active and electrons are left to reach the detector) was used for acquiring ZLP. 

As shown in Figure 1(a), with 0.01 eV/channel (eV/ch) dispersion used for the CCD 

detector as a way to obtain an accurate representation of the ZLP distribution (higher 

dispersions are also available in our system), the energy resolution of the whole system 

was estimated to be 0.16 eV at 200 kV. The ZLP spectra were recorded in vacuum. 

Under the same TEM settings, the K2 and CCD detectors were thus used both with 0.1 

eV/ch dispersion with the actual ZLP being concentrated within 1-2 channels only. 
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However, because of existence of the point spread function, the FWHM of ZLPs 

obtained with K2 and CCD detectors were 0.2 eV and 0.4 eV, respectively, showing 

that the K2 detector has narrower point spread function compared with the CCD. This 

is clearly demonstrated by the measured full width at one-tenth maximum for the black, 

red and blue curves in Figure 1(b) which are 0.42 eV, 0.6 eV, 1.2 eV, respectively. The 

modulation transfer function (MTF) results of the ZLPs in Figure 1(a) are shown in 

Figure 1(b). Here, the MTF is the Fourier transform of the point spread function, since 

we assume the actual ZLP is a delta function as demonstrated in previous work. [20,21] 

The MTF of the K2 with 0.1 eV/ch dispersion decreases more slowly than the MTF of 

the CCD with 0.1 eV/ch. This also means that the K2 will reflect more accurately the 

information from the higher energy frequency domain (i.e. make sharper features more 

visible), while the CCD detector has broader tails in the energy domain, which are 

consistent with the results shown in Figure 1(a). Furthermore, the K2 detector offers 

double the energy field of view (FOV). Holding energy FOV constant, the point spread 

function of K2 is even sharper, because K2 has twice as many pixels as CCD in the 

energy dispersive direction and the effective dispersion of K2 (expressed here in 

eV/channel) is twice the one on the CCD (for the same FOV). Figure 1(c) shows the 

ZLPs acquired at 80 kV accelerating voltage. With the excitation of the monochromator, 

the energy resolution of the whole system is estimated to be 0.18 eV in the conditions 

selected for the operation of the monochromator in these experiments. Under 0.1 eV/ch 

dispersion, the K2 and CCD show almost the same apparent energy resolution of 0.3 

eV as measured from the FWHM of the ZLP. However, the K2 detector has broader 
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tails, which are also reflected in the MTF in Figure 1(d). The measured full width at 

one-tenth maximum at 80 kV for the black, red and blue curves are 0.36 eV, 0.7 eV, 0.9 

eV, respectively. 

 

Figure 1. Zero-loss peaks (ZLP) acquired with K2 and CCD detectors and their 

corresponding modulation transfer functions (MTF) as calculated based on references 

[20,21]. (a) ZLP acquired with K2 and CCD using different dispersions at 200 kV. The 

full width at half maximum (FWHM) of each curve is indicated. The FWHM measured 

with 0.01 eV/ch CCD dispersion indicates the energy resolution of the whole system, 

which is 0.16 eV. The FWHM measured with 0.1 eV/ch K2 and CCD dispersions are 

0.2 eV and 0.4 eV, respectively. The EELS spectra acquired with the K2 detector have 

narrower tails. (b) Modulation transfer function (MTF) results for the point spread 

function shown in (a). 0.1 eV/ch K2 dispersion setting provides more information from 
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the higher energy frequency domain compared with 0.1 eV/ch CCD setting. (c) ZLP 

acquired with K2 and CCD at 80 kV. The FWHM value measured using the K2 and 

CCD acquired with 0.1 eV/ch dispersion is almost the same. The ZLP acquired with 

K2, however, has a broader tail. (d) MTF results for curves in (c).  

 

Since the K2 has a smaller dynamic range and better sensitivity, this detector is more 

suitable for acquiring the core loss spectra. It is worth pointing out, given the finite life 

time of the detector (cumulative total number of counts/channel), it is best to avoid 

using DeD to record ZLP on a regular basis, including low loss spectra that include the 

ZLP. Using the SrTiO3 as a model system, we have examined the performance of K2 in 

core loss EELS acquisition. These measurements were carried out on 100 100×  

pixels2 EELS spectrum maps acquired using both K2 and CCD. The duty cycle for K2 

was 100%. EELS spectra extracted from 25 25×  pixels2 from the mapping results are 

shown in Figure 2. All the spectra were acquired with 0.1 eV/ch dispersion. For the K2, 

both 0.1 s/pixel and 0.01 s/pixel acquistion parameters are selected. Due to the splitting 

of the oxygen octahedra crystal field, the L3 and L2 edges of Ti each split into t2g and eg 

states. In addition to the main features of the Ti (L3 and L2 and related t2g and eg 

splitting), the multiplet structures below t2g state expected from theoretical calculations 

[22-24] can also be clearly observed for K2 (as pointed out by the arrows). For the CCD, 

one of the two low energy peaks is not clearly visible, indicating the relatively poorer 

point spread function of CCD. The energy field of view is about 400 eV for the K2 

detector with 0.1 eV/ch dispersion and is 200 eV for CCD with the same dispersion. 
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Therefore the Ti L2,3 edges and O K edges can be simultaneously acquired both with 

the K2 and CCD. When the spectrometer is optimally focused at the t2g peak of the L3 

edge, the sharpest features on Ti L2,3 edges acquired with the K2 are narrower than that 

acquired with CCD, consistent with point spread functions of the two detectors. For the 

O K edges (Figure 2(b)), we also find the spectrum obtained with the K2 using 0.1 

s/pixel acquisition time has a lower noise level than the one with 0.01 s/pixel, and the 

first peak (corresponding to the hybridization of the unoccupied O 2p band with the Ti 

3d- t2g states ) is slightly narrower compared to the CCD data. Inspection of the O K 

edge also suggest that the spectra can be acquired 10 times faster with the K2 than the 

CCD with only slightly noisier signals. This is a significant benefit for beam-sensitive 

samples. This noise level is discussed further below. Spectra acquired with the CCD 

with 0.01 second dwell time in comparable conditions and with different binning of the 

CCD are shown in the supplementary materials document. 

 

Figure 2. Core loss EELS spectra acquired with K2 and CCD with 0.1 eV/ch dispersion 

extracted from the spectrum image data ( 25 25×   pixels2 out of 100 100×   pixels2 

spectrum map). Data collected at 200kV. (a) Ti L2,3 edges. The features of the edges 
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acquired with the K2 camera are narrower than those acquired by CCD. The arrows 

indicate the weak atomic multiplet structure more visible in the K2 data. (b)The 

simultaneously acquired O K edges.  

 

To evaluate the SNR of K2 and CCD, EEL spectra integrated over a different number 

of pixels extracted from a spectrum image are compared in Figure 3. With 0.1 eV/ch 

dispersion, the Ti L2,3 edges and O K edges were acquired with the K2 camera at both 

0.1 s/pixel and 0.01 s/pixel. EELS spectra extracted from 5 5×   pixels2, 25 25×  

pixels2, and 100 100×  pixels2 are shown in the black, red and blue curves, respectively. 

From the experimental results, it is possible to conclude that, under the same 

experimental conditions, the addition of several spectra with the same information leads 

to higher SNR. This is not necessarily the case for all types of detectors and signal 

processing methods as the noise can be, in some conditions, be amplified when 

integrating more spectra, when the gain is not corrected appropriately at large vertical 

binning during acquisition. 

Using a 10 eV energy window before the Ti edge (445 eV to 455 eV), we can 

quantitatively evaluate the SNR for both K2 and CCD in an energy region that does not 

contain an edge and we can thus assess purely counting statistic errors without 

extrapolation errors to extract edge signals and infer detection limits of an edge. 

Consistent with the work of Hart, et al.[19], we define the signal as the mean value of 

electrons per channel, N, and the noise as the standard deviation after the power-law 

background subtraction, σ . The SNR thus is defined by: NSNR
σ

= . Since the noise 
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originates from several sources, a useful approximation of the SNR can be estimated by 

evaluating the different noise contributions using the following expression developed 

by Egerton et al. [20]: 

        
shot gain read F

NSNR
n n n n

=
+ + +

                  (1) 

where nshot is the shot noise, ngain is the gain noise, nread is the read-out noise, and nF is 

the Fano noise. Shot noise arises from counting statistics and can be represented as 

2shot
Nn
s

= , where s is due to the “smoothing” effect from the detector’s point spread 

function. Gain noise originates from the gain difference between channels and is 

expressed as ngain = (vN)2, which is the dominating factor for noise when N is large. 

Read-out noise comes from the various electronic contributions of the detector and is 

defined as nread = Nr2. When the electron counts are low, read-out noise would be the 

dominant factor. The variation in the pulse-height distribution is conventionally referred 

as Fano noise and can be expressed as nF = NF/s2, where F is the Fano factor.[25] From 

the definition, Fano noise is the most significant contribution from the scintillator in the 

CCD. For the K2, no scintillator exists and we set F to be zero for the K2 detector. For 

the CCD detector, the value of F is 1.7 under 200 keV and 1.2 for CCD under 80 keV 

incident energy.[25] v can be calculated based on the experimental results.[20] Nr and 

s can be achieved by curve fitting. 

The DQE can provide information on the susceptibility of the detector to the small 

noise. The formal definition of the DQE is 2( )actual

ideal

SNRDQE
SNR

= . Since, in an ideal case, 

the noise for a detector only comes from the shot noise, idealSNR s N= . The DQE is 
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thus changed to the form of 
2

2

( )actualSNRDQE
N s

=
×

.[20] Considering the counting loss 

effects (when the number of electrons is over the saturated value for each pixel, 

counting loss effects happen) and coincidence loss effects (when more than one 

electrons simultaneously hit one pixel, the pixel is not able to separate them) for the K2 

detector,[13,19] we can plot the relationship between DQE and N primary electrons per 

channel from the experimental results. By combining the above terms, the expression 

of DQE becomes: 

     
2 2 2

2 2[( ( ) ) ]r

NDQE N NFN N s
s s

ν
=

+ + + ×
            (2) 

For the K2 detector, the counting loss effects contribute to 13% signal reduction and 

coincidence loss effects lead to 12% signal reduction as evaluated in references [26,27]. 

A coefficient of 77% should be considered for calculating the DQE of K2, because now 

' = / [(1 0.13)(1 0.12)]=1.143 =1.143ideal idealSNR s N s N SNR− − ×   and  

' 2 2
'( ) 0.77 ( ) 0.77actual actual

real real
ideal ideal

SNR SNRDQE DQE
SNR SNR

= = × = × . The results for the SNR 

and DQE can be found in Figure 3(e) and (f), respectively. At 200 kV, as shown in 

Figure 3(e), for the same number of primary electrons per channel, the K2 has a factor 

of two better SNR than the CCD. In addition, the K2 has a faster readout and analyzing 

speed, which helps to save a lot of time for 2D mapping. Moreover, the K2, being a 

direct electron detector, helps to improve the point spread function of EELS. This 

implies that one can use a lower dispersion (i.e. leading to larger values of eV/ch) and 

shorten the acquisition time, while maintaining the representative high-frequency 

features of the signal for K2. From the data points (dots) and fitting results from 
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equation (2), we can estimate the DQE for the two different detectors and can 

extrapolate it at low primary electron counts since we do not have data in this regime 

at this point. For all the range of N, the DQE for the K2 is better than the one of the 

CCD, which is largely due to the fact that the K2 has much smaller Fano noise. 

 

Figure 3. EELS spectra extracted from the 2D spectrum images with 0.1 eV/ch 

dispersion at 200 kV. (a) Ti L2,3 edges extracted from 5 5×  pixels2, 25 25× pixels2, 

100 100× pixels2, respectively, from the same spectrum image. The acquisition time for 
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each pixel is 0.1 s. (b) The corresponding O K edges. (c) Ti L2,3 edges extracted from 

5 5×  pixels2, 25 25×  pixels2, 100 100×  pixels2. The acquisition time for each pixel 

is 0.01 s. (d) The corresponding O K edges. (e) The evaluation of the signal-to-noise 

ratio (SNR) for K2 and CCD detectors. The dots in the figure are experimental results, 

while the lines are fitting results. The K2 has overall better performance than the CCD, 

since it has smaller noise. (f) Detective quantum efficiency (DQE) evaluation of K2 and 

CCD. Data is extrapolated to low counts using fitting values from (e) with Equation (1). 

 

The same EELS mapping experiments were conducted at 80 kV. Data were extracted 

from a 100 100×  pixels2 EELS spectrum image acquired with 0.1 eV/ch dispersion on 

both K2 and CCD. As shown in Figure 4(a), three spectra were extracted from a subset 

of 25 25×   pixels2 from the 100 100×   EELS spectrum image. While for the O K 

edges shown in Figure 4(b), the K2 and CCD results with 0.1 s/pixel acquisition time 

have, from simple inspection, very close noise levels, better than that was acquired with 

the K2 using 0.01 s/pixel due to the longer integration time. To compare the SNR with 

different number of integrated pixels, the EELS results for Ti L2,3 edges and O K edges 

obtained using 0.1 s/pixel acquistion time at 0.1 eV/ch dispersion are shown in Figure 

4(c) and 4(d), respectively. With the integration of more pixels, the spectrum quality 

can be further improved. The quantitative evaluation of results for the SNR and DQE 

at 80 kV are shown in Figure 4(e) and (f), respectively. With the same number of 

primary electrons, the K2 has almost the same SNR as the CCD. With the same number 

of integrated pixels, the K2 EELS spectra acquired with 0.1 s/pixel show better SNR 
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than the ones acquired with 0.01 s/pixel, because the K2 data acquired with 0.1 s/pixel 

have more electron counts. At 80 kV, the K2 has overall better DQE. To sum up, at 80 

kV, the K2 has similar SNR with the same amount of primary electrons, faster 

acquisition speed, larger energy field of view, better DQE. On the other hand, there is 

no obvious improvement for the K2 detector over the CCD in point spread function. 

Therefore, it is important for the users to understand the acquisition regime and goals 

when selecting the detector. The relative poorer performance for K2 at low accelerating 

voltage is not unexpected because of the interaction volume of the incident electron in 

the active region of the chip.[28] Due to the existence of the passivation layer, the 

electrons with higher energy can penetrate through the passivation layer, while the 

electrons with lower energy will be absorbed or scattered more significantly within this 

layer. This effect is consistent with our observation that the tail of ZLP increases for K2 

at lower voltage. Moreover, the performance of CCD or any scintillator-based detector 

improves at lower energies. The point spread function is reduced because of lower 

elastic scattering in the scintillator and each electron will deposit more energy. The 

similar situation also applies to the K2, i.e. each electron will deposit more energy in 

low voltage. At 80kV, we still count electrons and most likely what we observed is the 

result of poor optimization of the counting threshold. Optimization of the detector at 

different energies is required.  
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Figure 4. Core loss EELS spectra acquired with K2 and CCD detectors at 80 kV. (a) Ti 

L2,3 edges acquired by 0.1 eV/ch. (b) The simultaneously acquired O K edge. (c) EELS 

spectra extracted from 5 5×  pixels2, 25 25×  pixels2, 100 100×  pixels2 in the same 

spectrum image. (d) The extracted O K edges with different number of pixels. (e) The 

evaluated SNR for K2 and CCD at 80 kV. (f) The corresponding DQE for K2 and CCD. 

 

The smaller dispersions (i.e. larger values of eV/ch) have also been used for further 

investigation on the difference between K2 and CCD. At 200 kV, 0.5 eV/ch dispersion 
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has been applied for determining the point spread functions, because this is the smallest 

dispersion for K2 at 200 kV. This is particularly interesting because of the effects of the 

monochromator on the visibility of features in spectra even when such low dispersions, 

not particularly optimal with a high-energy resolution is desirable, are used. As shown 

in Fig. 5(a) and (b), the K2 has a narrower FWHM for the ZLP and narrower tails. The 

core loss spectra for Ti L2,3 edges and O K edges are shown in Fig. 5(c) and (d). Even 

in these far-from-ideal conditions, using the monochromator, the splitting of the t2g and 

eg features are visible. The reference spectrum obtained using 0.1 eV/ch dispersion on 

the K2 is shown in the figure for comparison (note the multiplets below the L3 t2g peak). 

The spectra acquired with the K2 and CCD at 0.5 eV/ch decay dramatically, and no 

multiplets below the L3 t2g peak can be observed. At 80 kV, the smallest dispersion for 

the K2 is 0.2 eV/ch, and the closest dipersion for the CCD is 0.15 eV/ch. As shown in 

Figure 5(e), the FWHM is about three channels for either K2 or CCD. Furthermore, the 

tail of K2 is broader than that of the CCD. 
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Figure 5. Comparison between K2 and CCD acquisitions with smaller spectrometer 

dispersions. (a) The ZLP acquired with 0.5 eV/ch at 200 kV. (b) The MTF for the curves 

in (a). (c) Ti L2,3 edges acquired with 0.5 eV/ch. The EELS curve acquired with K2 at 

0.1 eV/ch is used for comparison. (d) The simultaneously acquired oxygen K edges. (e) 

The ZLP acquired at 80 kV. (b) The corresponding MTF. 

 

Lastly, in this section, we investigate the performance in fast mapping conditions for 
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high-energy edges of both detectors. This reveals best the comparison of the 

performance at low counting rates due to the low signals. The K2 detector can provide 

acquisition speed of 400 frames per second, thus the shortest acquisition time per pixel 

would be 2.5 ms. While very similarly short acquisition times can be obtained using the 

CCD in “high-quality mode” with 1x130 binning leading to about 1.5 ms acquisition 

(1 ms exposure and ~0.5 ms deadtime for shifting spectra), we used here, for 

comparison, an acquisition time set as 30 ms per pixel to test the detection limits of the 

two detectors. The monochromator was not excited and the beam current was about 40 

pA. The dispersion was 0.5 eV/ch for K2 and 1 eV/ch for CCD to achieve the same 

energy range. With an aberration-corrected TEM, atomic resolved EELS elemental 

mapping can be achieved both at 80kV and 200kV [29]. The EELS results were first 

processed using the conventional background extrapolation. As a useful challenge and 

demonstration of the differences in performance, we obtained elemental maps based on 

the Ti L2,3 edges (455eV) and Sr L2,3 edges (~2000eV) intensities by subtracting the 

background intensity under the edge. A similar energy window was also used for 

processing the oxygen K edge signal. We selected the Sr L2,3 edge as a test case due to 

a more localized signal at the higher energy-loss range, which could provide a better 

contrast in the Sr map. While the M4,5 edges of Sr have higher cross-sections, they have 

delayed maximum and the Sr map extracted from this range is sensitive to the signal 

integration window.[29, 30] Moreover, the L2,3 edge could be used to test the SNR in 

the high energy-loss end of the spectrum. As shown in Figure 6, the mapping results of 

Sr L2,3 edges and Ti L2,3 edges were acquired on a specimen of SrTiO3 at 200 kV. The 
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size of the spectrum images is 48×48 pixels2 and the total acquisition time is 70 s. The 

mapping results are raw data following background extraction without any further 

statistical post-processing. The extracted EELS spectra are shown in Figure 6(b). The 

splitting of Ti L2,3 edges into t2g and eg states can be observed on the K2 data. The 

mapping results show that, for the 30 ms acquisition time, the K2 detector is able to 

provide enough signal for resolving the Sr L2,3 edges at around 2000 eV. The mapping 

results for Sr L2,3, Ti L2,3 and the colour coded combination of Sr L2,3 and Ti L2,3 can be 

found in Figures 6(c)-(e). However, the CCD detector is not able to provide the 

necessary SNR for detecting Sr L2,3 edges under same condition as indicated in Figure 

6(g). Furthermore, no splitting of Ti L2,3 edges can be observed with the CCD (compare 

the Ti L2,3 edges in Figure 6(b) with the same edge in Figure 6(g)). If we use the same 

dispersion for both K2 and CCD, the effect will be even more pronounced. Another 

EELS mapping experiment was conducted with 0.1 s/pixel acquisition time for CCD 

(as shown in Figure. S6) and the atomically resolved Sr mapping could be achieved, 

but the total acquisition time was about three times of the acquisition time for K2 with 

similar SNR. This highly sensitive K2 can also be applied for detecting trace 

elements.[31] 
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Figure 6. Atomic scale EELS mapping for K2 and CCD with 0.03 s/pixel acquisition 

time at 200 kV. (a) HAADF-STEM images showing the K2 EELS mapping area. (b) 
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The extracted Ti L2,3 edges, O K edge and Sr L2,3 edges from the EELS mapping result. 

The eg and t2g splitting can be observed. (c)-(e) Atomic scale mapping results for Sr and 

Ti and the colour-coded combination of Sr and Ti. (f) HAADF-STEM image showing 

the CCD EELS mapping area. (g) The extracted Ti L2,3 edges, O K edge and Sr L2,3 

edges from the EELS mapping result. The eg and t2g splitting cannot be observed with 

the CCD acquisition. The Sr L2,3 edges cannot be differentiated from the noise. (h)-(j) 

Atomic scale mapping results for Sr and Ti and the combination of Sr (red) and Ti 

(green). 

 

4. Conclusion 

Using SrTiO3 single crystalline samples as the model system, we have systematically 

investigated the performance of the conventional CCD detector and a direct electron 

detector (Gatan’s K2 IS) working at the electron counting mode and using a 

monochromated source to identify useful advantages when optimal energy resolution 

data is desirable. We can draw some interesting and useful conclusions: (1) The 

advantages of using K2 detectors become more obvious when operating at higher 

accelerating voltage. At lower kV (80kV), the K2 still provides better DQE but not 

better MTF. (2) The K2 helps achieving better quality EEL spectra because of the 

improved signal-to-noise ratio allowed for by the lower noise level enabled by working 

at smaller dispersions (hence with more electrons/pixel) and a better MTF that enables 

one to resolve some weak signals at high energy-loss that are hard to detect with the 

conventional CCD.[32] Smaller beam current can thus be used to reduce the beam 

damage effects, while maintaining a good MTF and better SNR. (3) The fast shutter 
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speed and electron counting mode improves the electron acquisition efficiency and 

shorten the acquisition time. This is a big advantage for the research related to beam-

sensitive materials and heavily contaminating samples where fast acquisition time 

reduces cumulative contamination. [33,34] Furthermore, such performance could be 

very helpful for severely charging samples that drift quickly as well. (4) With the help 

of the aberration correctors of electron probes, one can obtain high spatial resolution 

(atomic resolved) images with better energy resolution using higher energy edges, 

which can be detected more easily than with a conventional CCD. We believe that using 

a direct electron detector on an electron energy-loss spectrometer system will 

significantly improve the acquisition performance on the most challenging samples 

where electron beam irradiation at low energies is a limiting factor. However, when the 

samples can withstand high doses, i.e. beam damage is not an issue at low incident 

energy, and acquisition time is not an issue, then the CCD will provide adequate 

comparable performance and at high currents. This new development in spectroscopy 

will help the microscopy field tackle new challenges and shed light on bonding and 

electronic structure of beam-sensitive materials at higher resolution. 
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Supporting Information 

 
Figures and captions 

 

Figure S1. Noise extraction from spectra acquired with different detectors using 80 keV 

electrons. The noise levels of (a) K2 and (b) CCD detectors, obtained through the 

subtraction of the raw EELS spectra with the principal component analysis (PCA) 

smoothed spectra. 
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Figure S2 Noise distribution from spectra acquired on K2 DeD and CCD detector 

operated at 80 keV. (a) The noise of K2 DeD extracted from 1 pixel in EELS mapping 

experiments from Figure 4. The EELS mapping was acquired with 0.1 eV/ch dispersion 

and 0.1 s/pixel acquisition time as those shown in Figure 4 in the main text. No binning 

was used during spectral acquisition. (b) The noise distribution of the signal acquired 

with K2. (c) The noise from CCD detector extracted from 1 pixel of EELS mapping. 

(d) The noise distribution of signal acquired with CCD. The noise of K2 shows a 

narrower distribution. 
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Figure S3. Noise analysis of spectra acquired with detectors using 200 keV electrons. 

The noise levels of (a) K2 and (b) CCD detectors obtained through the subtraction of 

the raw EELS spectra with the principal component analysis (PCA) smoothed spectra. 
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Figure S4. Noise distribution from spectra acquired on K2 DeD and CCD detector 

operated at 200 keV. (a) The noise of K2 DeD extracted from 1 pixel in EELS mapping 

experiments from Figure 3. The EELS mapping was acquired with 0.1 eV/ch dispersion 

and 0.1 s/pixel acquisition time as those shown in Figure 3 in the main text. No binning 

was used during spectral acquisition. (b) The noise distribution of the signal acquired 

with K2. (a)(b) The noise level of K2 and the noise distribution respectively. (c) The 

noise from CCD detector extracted from 1 pixel of EELS mapping. (d) The noise 

distribution of signal acquired with CCD. The noise of K2 shows a narrower 

distribution. 

 

 

Figure S5. Spectra acquired with the CCD detector with different vertical binning. The 

acqusition was carried out at 200 keV with 70 pA beam current. The binning would 

help to increase the SNR. EELS spectrum with 0.1 s acquistion time is also provided 

for comparison. 
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Figure S6. Atomic scale EELS mapping with 0.1 s/pixel acquisition time at 200 kV 

acquired by CCD. (a) HAADF-STEM images showing the EELS mapping area. (b) 

The extracted Ti L2,3 edges, O K edge and Sr L2,3 edges from the EELS mapping result. 

(c)-(e) Atomically resolved mapping results for Sr and Ti and the colour-coded 

combination of Sr and Ti. The dispersion was 1 eV/ch. The mapping area is 43×51 

pixels2 and the total acquisition time is 220 s. 

 

 


