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ABSTRACT 

It is very challenging to measure the chemical composition of hetero nanostructures in a 

reliable and quantitative manner. Here, we propose a novel and straightforward approach that 

can be used to quantify energy dispersive X-ray spectra acquired in a transmission electron 

microscope. Our method is based on a combination of electron tomography and the so-called 

ζ-factor technique. We will demonstrate the reliability of our approach as well as its 

applicability by investigating Au-Ag and Au-Pt hetero nanostructures. Given its simplicity, 

we expect that the method could become a new standard in the field of chemical 

characterization using electron microscopy. 
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1. Introduction 

New developments in the field of nanotechnology drive the need for advanced quantitative 

characterization techniques that can be applied to complex nanostructures. Many of these 

nanostructures are composed of different compounds. For example, it is known that bimetallic  

nanostructures show enhanced stability and catalytic selectivity in comparison to their parent 

materials.[1] Understanding the connection between physical properties and the local 

structure or composition of nanomaterials is therefore of crucial importance.  

Although transmission electron microscopy (TEM) is an ideal tool to investigate 

nanostructures,[2] it is surprisingly difficult to obtain reliable quantitative chemical 

information at the nanometer level. In the past, investigations using Energy Dispersive X-ray 

Spectroscopy (EDXS) in a TEM were especially hampered by the low efficiency of the EDXS 

detector systems. As a result of the development of novel detectors yielding improved 

performance in combination with brighter electron sources in state-of-the-art TEM 

instruments, a significant level of X-ray counts can nowadays be collected within realistic 

acquisition times, also when investigating relatively small nanostructures (>10nm).[3-6] A 

remaining problem however, is the lack of a reliable quantification method for EDXS 

spectroscopy in the TEM.[7, 8] 

Quantification of EDXS data acquired using TEM is mostly carried out using so-called “k-

factors” that form the basis of the Cliff-Lorimer method.[9] Over the past 40 years, this 

approach has been used extensively, especially during the characterization of thin films and 

even optimized in combination of tilt schemes.[10] As explained in [11] the Cliff-Lorimer 

technique is an accurate method when using experimentally estimated k-factors from 

calibration samples where the composition is accurately known. Unfortunately, such 

estimation is not always possible due to the lack of suitable standards. Even when standards 
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are available, the calibration is difficult and time consuming. Therefore, experimental EDXS 

results are typically quantified using k-factors that are calculated using a priori principles and 

implemented in commercial software. Although this approach is straightforward and user 

friendly, inaccuracies of 15%-20% might occur.[12] In parallel, various alternatives have 

been proposed, including the so-called “ζ-factor” method.[11] This methodology has been 

shown to be a powerful approach that is able to overcome some of the main limitations of the 

Cliff-Lorimer method. In contrast to k-factors, the experimental determination of ζ-factors is 

possible from a pure element standard and should only be determined once for each element. 

However, when determining ζ-factors from pure element standards, the thickness of the 

sample should be precisely measured. In the past, this requirement has limited the 

applicability of the ζ-factor method to thin films. 

In this study, we use electron tomography to overcome this limitation. In this manner, the 

volume (and thickness) of nanoparticles can be determined. As a consequence, systematic 

errors resulting from wrong estimations of sample thickness can be overcome. The proposed 

methodology, coupled with state-of-the-art instrumentation, enables us to expand the use of 

the ζ-factor method to the study of a variety of nanomaterials. In this manner, reliable and 

quantitative chemical information can be acquired at the nanometer level. 

 

2. Materials and Methods 

Experiments were performed using a FEI Titan probe corrected TEM, operated at 120 kV in 

Scanning Transmission Electron Microscopy (STEM) mode and equipped with a Super-X 

detector. A reliable measurement of the beam current is of crucial importance in the ζ-factor 

method. Therefore we used the pico-amperemeter connected to the phosphor screen present in 

FEI instruments equipped with a Super-X detector. The screen current is typically calibrated 

by the manufacturer using a Faraday cup and a verification of the linearity of the current 
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measuring device can be conducted by varying the beam current and acquiring an EDXS map 

of the same nanoparticle. Plotting the current against the total number of counts over 

background for the element composing the nanoparticle should result in a linear fit obeying 

eq. 2 (data for our system is presented in the supporting information). The intercept on the y 

axis is considered as an estimate of the error on the measured current. Although such 

experiment cannot determine if the actual current is off by a constant factor, the 

proportionality factor will cancel out when determining concentrations using the same 

microscope and voltage. 

A Fischione 2020 Single Tilt Tomography holder was used to acquire tilt series for 

tomography. Alignment of the tomographic series was performed with Matlab routines based 

on cross-correlation and manually with IMOD.[13] The SIRT algorithm implemented in the 

ASTRA Toolbox [14-16] was used for all the reconstructions. Amira software has been used 

for the 3D volume renderings. Synthesis details about the Au, Ag and Pt nanoparticles used 

can be found in the Supporting Information. 

 

3. Results and discussion 

 

The Cliff-Lorimer method is a ratio technique that was developed to overcome problems 

related to an absolute quantification of EDXS data acquired by TEM. The technique is still 

the most commonly used approach to obtain the concentrations of the elements in a TEM 

sample. Characteristic X-rays intensities IA and IB of elements A and B respectively are 

measured and the ratio of their concentrations CA and CB is determined using a predefined 

factor kAB: 

𝐶𝐴
𝐶B

= k𝐴𝐵
𝐼𝐴
𝐼B

 

 

(1) 
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As discussed above, the main disadvantage of this method is the determination of the k-

factors, which can be measured from standards of accurately known composition. These 

standards are not available for every system and the composition may always change as an 

effect of thinning or manipulation of the standard in order to perform the measurement. 

The ζ-factor method adds to the benefits of a ratio technique such as the Cliff-Lorimer 

technique, the possibility of determining the sensitivity factors from pure elements standards 

and a straightforward method for correcting absorption effects. 

The ζ-factor is defined by the following equation from [11]: 

𝜌𝑡 = ζ
𝐴

𝐼𝐴

𝐶𝐴𝐷𝑒 
 

 

where ρ is the density, t the thickness, IA the X-ray intensity (net counts), CA the 

concentration and De the total electron dose, which is defined as:  

  

𝐷𝑒 = 𝑁𝑒𝐼𝑝𝜏 

 

with Ne the number of electrons per Coulomb, Ip the probe current and τ the total measure 

time. The beam current can be measured through the use of an in-situ faraday cup, EELS drift 

tube or a calibrated viewing screen.[11] The ζ-factor method was originally developed for thin 

films, for which the thickness is expected to be uniform across the sample. However, it is not 

straightforward to accurately measure the thickness using conventional (2D) TEM. It can be 

done by using Electron Energy Loss Spectroscopy (EELS),[17, 18] but this requires a 

calibration of the inelastic mean free path. This calibration is time demanding and requires a 

needle shaped sample with the same phase of the thin film for which the thickness has to be 

measured. This might result difficult for some samples, and furthermore, there is an 

(2) 

(3) 
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increasing demand to obtain quantitative results for nanomaterials different from thin films as 

well.  

In this paper, we expand the use of the ζ-factor method to the investigation of nanoparticles 

by using electron tomography. The use of nanoparticles hereby offers many advantages: they 

are usually cheaper than a pure element thin film standards and they are often already 

available in most labs or can be relatively easily synthesized. In order to determine ζ-factors 

using nanoparticles instead of thin films we propose an equivalent definition of the ζ-factor 

replacing the sample thickness by the probed sample volume, which can be measured by 

electron tomography. We assume that the probed volume is the scanned area multiplied by the 

thickness t. That means that the total (live) time τ can be written as τ = τd*A, where A is the 

scanned area in m2, and τd is therefore the spectral acquisition time per pixel area. In this 

manner, we obtain the expression below, in which C is omitted since we assume a pure 

element standard during the determination of the  ζ-factor: 

𝜌𝑉 = ζ
𝐴

𝐼𝐴
𝑁𝑒𝐼𝑝𝜏𝑑

 

 

Once the ζ-factors are obtained, the concentration of the elements is given by the following 

expression: 

𝐶𝑗 =
𝜁𝑗𝐼𝑗

∑ 𝜁𝑖𝐼𝑖𝑖
 

 

with 

∑𝐶𝑖 = 1
𝑖

 

 

For a system of two elements we obtain: 

𝐶𝐴
𝐶𝐵

=
𝜁𝐴
𝜁𝐵

𝐼𝐴
𝐼𝐵

 

 

(6) 

(4) 

(5) 

(7) 
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This expression is equivalent to eq. 1, where    𝑘𝐴𝐵 =
𝜁𝐴
𝜁𝐵

 . It should be mentioned that 

absorption is so far neglected in these expressions. As explained in the work by Watanabe et 

al.,[11] this approximation is expected to be valid for the samples investigated in this paper. 

 

3.1 Determination of ζ-factors from pure element nanoparticles 

In order to determine the ζ-factors, the volumes of 8 particles consisting of Au, Ag and Pt 

respectively were determined by electron tomography. Figure 1 shows a rendering of the 

obtained reconstructions. Tilt series for each particle were acquired from -75° to 75° with a 

tilt increment of 3°. The resulting volume measurements are presented in Tables S1-S3. For 

each particle, an EDXS map was collected with an acquisition time of 3 minutes and using a 

current of approximately 250 pA. A tilt angle of 17° was chosen to minimize shadowing 

effects and increase the collected signal. For all particles, diffraction patterns and High-

Resolution STEM images were acquired, confirming the crystallinity and FCC structure. We 

ensured that this tilt angle corresponded to an off-axis condition for the particles analyzed, in 

order to avoid unwanted channeling effects. Since the structures of the particles were 

confirmed to be the same of the relative bulk materials, bulk densities were used in the 

calculation of the ζ-factor: ρAu = 19,320 kg/m3
, ρAg = 9,320 kg/m3 and ρPt = 21,450 kg/m3. 

It should be noted that during the measurement of the ζ-factors, all experiments (different 

particles and different elements) were performed using the same experimental conditions, 

such that the effects of shadowing remain the same. However, once the ζ-factors are 

determined, they can be used to quantify maps at any tilt angle, since shadowing will affect 

the signal from different elements in the same manner. Therefore, the ratio between the 

intensities will still be proportional to the ratios between the ζ-factors. An exception has to be 

made for soft X-rays with energy less than 3 keV, for which absorption effects can lead to 

quantification errors.[19] In general, it should be verified that the specimen thickness is less 
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than a certain critical value for which absorption is below 5%, this is known as the thin film 

approximation. If not, absorption effects should be taken into account.[6, 11] 

Following the acquisition, the raw datacubes were treated in Matlab in which a two window 

method [20] was used to fit the background radiation.  The net counts for the L lines of Au, 

Ag and Pt were obtained by integrating over the signal characteristic peaks, after the 

background subtraction. The net counts measured for each particle are listed in Table S1-S3 

along with the measured beam current. 

 

 

 

Figure 1: Renderings of the Au (a), Ag (b) and Pt (c) particles used for the determination of 

the ζ-factors. 

 

For each particle, the ζ-factor is determined from equation 4 using the volume V measured by 

electron tomography and the intensity I measured by EDXS for the same particle. As 
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expected, a linear behavior is observed as demonstrated in Figure 2. The final values of the ζ-

factors for Au, Ag and Pt for our experimental conditions are calculated through a weighted 

mean as described in [11] and found to be ζAu = 751 ± 52 kg⁄m2, ζAg = 300 ± 35 kg⁄m2 and ζPt 

= 724 ± 50 kg⁄m2. The methodology is explained in more detail in the Supporting 

Information. The values that we obtained for the ζ-factors cannot be compared directly with 

values reported in literature since the outcome of our approach depends on experimental 

parameters such as e.g. the holder, grid and tilt angle chosen. Nevertheless, ratios of the ζ-

factors should be similar for different experimental settings. 

 

 

Figure 2: a) The linear relation is clearly shown by the plots. b) shows a magnification of the 

area close to the origin, where multiple data points are condensed due to the similar volumes 

of the particles. Error bars smaller than the markers are omitted. 

 

3.2 Quantification of overall chemical compositions in hetero nanoparticles  

To test the validity of the proposed methodology, the composition of a Au@Ag core-shell 

nanoparticle was quantified (Figure 3a). In a previous study, these particles were found to 

yield sharp interfaces without any alloying [21]. The outcome of the EDXS quantification 

based on our methodology will be compared to the volumes of the Au core and the Ag shell 
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obtained from an independent 3D HAADF-STEM reconstruction (Figure 3b), which we here 

consider as the ground truth. Quantification of the 3D HAADF-STEM reconstruction is 

relatively straightforward, based on the different intensities observed for Au and Ag. In this 

manner, the volumes were measured to be 247,450 ± 37,118 nm3 and 49,470 ± 4,452 nm3 for 

Ag and Au respectively. This corresponds to approximately 1.86 fg (femtograms) of Ag and 

0.95 fg of Au and the weight concentrations estimated in this manner are found to be CAu-STEM 

= 0.65 ± 0.05  and CAg-STEM = 0.35 ± 0.05 .  

 

   

 Figure 3: (a) HAADF STEM projection. (b) HAADF STEM tomography reconstruction 

rendering after segmentation of the core (Au) and shell (Ag).  

 

In order to evaluate the reliability of the approach based on the ζ-factors, these values were 

compared to the quantified 2D EDXS data. An EDXS map was collected from the same 

particle for 120 s with a current of 258 pA at 120 kV and a tilt angle of -60°. The 

concentrations were determined using the measured ζ-factors and were found to be: CAu = 

0.64 ± 0.04 and CAg = 0.36 ± 0.04.  These values are clearly in good agreement with the 
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quantification based on HAADF-STEM electron tomography. The same data was also 

quantified using the Cliff-Lorimer method, implemented in the available software (Bruker 

Esprit). The values obtained were CAg = 0.73 ± 0.22 and CAu = 0.27 ± 0.08. From this 

comparison, we conclude that quantification using the modified ζ-factor approach is reliable 

and that the method can be used to investigate nanostructures for which it is difficult or even 

impossible to use HAADF-STEM tomography to determine the chemical concentrations of 

the elements present. 

It should be mentioned, that the discrepancy with the quantification performed using Bruker 

Esprit is due to the calculated k-factor obtained by the software. Using a different theoretical 

model would lead to a different result. 

 

 

 

Figure 4: (a) EDXS map of the particle of Figure 4. (b) Quantified EDXS map. (c) Line 

profile through the quantified map (yellow line in (b)) showing the concentrations of Au and 

Ag in the projection direction.  

 

3.3 Quantification of elemental maps in hetero nanoparticles  

During the chemical analysis of nanoparticles by EDXS, the final goal is often to determine 

the distribution of the different elements over the particle. Such investigations are mostly 
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based on EDXS maps. These so-called “elemental” maps are obtained by analyzing the 

collected datacube pixel-by-pixel, fitting the background with a two window method  and 

measuring the net counts for each element in the specified energy interval.[20] An example is 

provided in Figure 4a. After elemental maps are obtained, quantified maps can be calculated 

by applying eq. 5 in each pixel of the elemental map. The result, shown in Figure 4b, is a 

concentration map for each element with values ranging from 0 to 1. In this case, the 

HAADF-STEM image was used as a mask to define the boundaries of the particle and 

improve the visualization by suppressing any signal outside the particle. A line profile 

(indicated by the yellow line Figure 4b) is presented in Figure 4c to enable a more 

straightforward interpretation of the quantified data.  

 

3.4. Application to Au-Pt heterostructures 

Once the validity of our approach has been determined, we can apply the method to 

nanostructures for which HAADF-STEM fails to determine the chemical composition. For 

example, since Au and Pt have an atomic number Z equal to 79 and 78 respectively, no 

contrast difference is expected when using HAADF-STEM to investigate Au-Pt hetero 

structures. However, these structures are of great interest due to their catalytic activity [22-

25]. We here investigated a Au-Pt hetero-nanostructure, shown in Figure 5a, that consists of 

spherical Au particles, grown on a platinum nanodendritic seed, yielding a core-satellite 

structure [25]. In order to quantify the chemical composition and the distribution of the 

different elements, we applied the ζ-factor method using the values for Au and Pt. In this 

manner, the overall concentration was measured to be CAu = 0.77 ± 0.02 and CPt = 0.23 ± 

0.02.  Background subtraction and a peak deconvolution, implemented in Matlab, were 

applied to the EDXS data to separate the Au and Pt contributions to the signal, since the L 

peaks for Au and Pt overlap partially. A map representing the resulting Au and Pt counts is 
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shown in Figure 5b. Figure 5c, shows a quantified map from the same data, based on equation 

5, which confirms the core-satellite structure with the Pt seed located at the center and pure 

Au particles surrounding it. The line profile in Figure 5d, shows the actual values of the wt% 

concentration of Pt and Au along the yellow line, and we can conclude that the Au particles 

around are pure Au particles and no alloying with Pt is observed. 

 

 

 

Figure 5: (a) HAADF STEM image. (b) EDXS elemental map. (c) Quantified EDXS map. (d) 

Line profile through the quantified map (yellow line in (c)) showing the concentrations of Au 

and Pt in the projection direction. 
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4. Conclusions 

In this paper we presented an alternative approach for the experimental determination of ζ-

factors and subsequently quantified chemical compositions in nanoparticles. The 

methodology is based on the determination of ζ-factors from pure element nanoparticles, 

using a combination of electron tomography and EDXS. In this manner, the thickness/volume 

of the sample can be measured in a reliable manner and systematic errors resulting from 

wrong estimations of sample thickness can be avoided. We demonstrated the accuracy of our 

quantification procedure by comparing our results to the outcome of a 3D HAADF-STEM 

reconstruction. It must be noted that the method we propose here is not restricted to bimetallic 

nanoparticles and can be applied in a straightforward manner to a broad range of hetero 

nanostructures. Furthermore, the limitation to obtain elemental distributions by HAADF-

STEM tomography for samples containing similar atomic number Z elements can be 

overcome by extending the presented method to 3D EDXS. 
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