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 A B S T R A C T

An accurate sample preparation is substantial for obtaining reliable results in total reflection X-ray fluorescence 
analysis (TXRF). Pipetting of sample solutions in the microliter range often leads to ‘‘coffee rings’’ where the 
specimen dries inhomogeneously with a mixed morphology (film-like in the center and particle-like at the 
ring). The specimen morphology can be controlled in a more reliable manner by picoliter printing achieving 
particle-like residues.

The preparation of film-like residues is in general more challenging. It requires the optimization of the 
printing procedure, e.g. the deposited mass, additives as well as the elimination of static charges. Influences 
of different additives on the film formation were experimentally probed. The aim of this study was to develop 
a reliable method to improve the film formation of nickel on quartz reflectors, which are commonly used 
as sample carriers in TXRF. Nickel was chosen because it has a good sensitivity in TXRF and is often used 
as reference when studying the TXRF instrument performance. Grazing incidence X-ray fluorescence analysis 
(GIXRF) was used evaluating the morphology of the residues. The use of additives and variation of printing 
parameters improved the film formation slightly. The elimination of static charges was the most critical 
parameter in order to achieve films. The combination of Triton X-100 as a non-ionic surfactant with the 
static elimination yielded near-perfect films (≈1 ng Ni). The film morphology was investigated by atomic 
force microscopy, however the results were inconclusive.
. Introduction

Ultra-trace analysis techniques like total reflection X-ray fluores-
ence analysis (TXRF) require an accurate sample preparation [1,2]. 
epending on the analyte type and its physical state, the pretreatment 
trategies vary from minimal or no sample treatment to mineraliza-
ion or extraction procedures [1]. In most cases an aqueous solution 
s applied to reflectors commonly made out of quartz glass, acrylic, 
oron nitride or glassy carbon and dried to residues [2]. The quartz 
lass carriers (30 mm in diameter and 3 mm in height) are com-
only siliconized before the sample preparation process to obtain a 
ydrophobic surface [1]. The liquid sample is then applied onto the 
ample carrier using a micropipette and dried on a heating plate or 
nder infrared light [1]. Ideally, a homogeneous residue is obtained, 
hile often so-called ‘‘coffee rings’’ result from capillary flow [2,3]. 
uring the drying process, the contact line between liquid and reflector 

I This article is part of a Special issue entitled: ‘TXRF2025’ published in Spectrochimica Acta Part B: Atomic Spectroscopy.
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is pinned and drying of the solution causes an outward flow within 
the droplet [3]. Thus, the sample dries inhomogeneously where the 
outer part of the dried deposit accumulates more mass than the inner 
part [4]. The transport properties of the dissolved ions may also differ 
in the convective flow. If the analyte and internal standard (IS) dry 
inhomogeneously on the carrier, the assumption of an ideal elemental 
distribution is no longer valid and quantification is biased resulting 
in over- or underestimation [4]. Further ‘‘coffee ring’’ structures or 
distorted residues are obtained by scratches on the sample carriers as 
they are able to pin the contact line of the droplet during the drying 
process [3,5,6].

By applying smaller volumes on the reflector in the nanoliter or 
picoliter range the particular character of the residues is improved 
and an inhomogeneous elemental distribution due to extended ‘‘coffee 
rings’’ can be minimized [2,7]. Picoliter printing for X-ray fluores-
cence analysis is quite new and was first used by Fittschen et al. for 
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deposition of standards in aerosol analysis with TXRF [8]. Further 
studies showed that picoliter droplets implemented as a reliable tool 
to be used in a broad application field as a reference in micro X-ray 
fluorescence (mXRF) [9], in semiconductor applications [6] and for 
the determination of the detector field of view in a laboratory TXRF 
spectrometer [4].

Inkjet techniques are commonly established in offices, or for print-
ing newspapers, but are also frequently used in research or for micro-
manufacturing [10,11]. The morphology of dried specimen deposited 
using inkjet technologies is influenced by solvents with a specific 
surface tension which have an impact in the evaporation rate and the 
flow characteristics during the drying process [10]. Influences on the 
ink droplet spreading are also described in literature [12]. In common 
inks, surfactants are added to a water based dye for surface tension 
control [13]. Besides the surface tension, the viscosity of the liquid has 
a major influence in the droplet characteristics [13]. It is expected, that 
picoliter derived specimen prepared from aqueous standard solutions 
are affected by the same factors.

A comprehensive overview on nanoliter and picoliter printing with 
respect to TXRF in analytical chemistry is found in Hampel et al. [5] 
Compared to microliter derived residues with a diameter of ca. 1–5 mm 
[2], picoliter residues are way smaller with diameters in the range of ca.
5–200 μm depending on the cartridge type [2,8]. Residues derived from 
picoliter droplets (160 pL [14]) are obtained within seconds due to the 
fast drying process within tenth of a second [2]. The sample preparation 
was carried out at room temperature. It is not entirely clear how higher 
temperatures impact the morphology. Higher temperatures may favor 
particle-like specimen when the solvent evaporates before or at the 
impact of the droplet on the carrier. This intriguing but complex aspect 
was not subject to this study. To study instrumental performances and 
the influences of specimen characteristics, the droplets are deposited 
onto reflectors or substrates as single or multi element standards in 
aqueous solution with a defined pattern where the residues are having 
nearly the same size [4,9]. Prior studies have shown that the morphol-
ogy of the picoliter printed residues on Si-wafers are comparable to 
those applied on quartz glass sample carriers (which were used in this 
work) and are having a spherical shape [5,6,9].

The analyte concentration in the droplet has an impact on the 
applied mass and therefore on the morphology [6]. Also a higher quiet 
time (the quite time is the time between two droplet ejections) leads to 
a higher concentration of the analyte in the droplet due to evaporation 
from the nozzles [5,9]. Higher masses are positively correlated with 
residue heights [9]. Additionally, the sample carrier roughness could 
have an influence on the wettability as well as the contact angle of 
the droplet on the sample carrier. For reducing the surface tension 
of the droplets and thus the contact angle the use of a water-soluble 
surfactant like Triton X-100 was used in this work. Certain surfactants 
are able to change the flow characteristics of droplets during drying 
to a Marangoni flow [15] that is also reported for droplets deposited 
using actual inkjet printing techniques with a combination of specific 
solvents [10]. Lowering the contact angle leads to a wider spreading 
of the droplets as they impact on the sample carrier surface [16,17]. 
By the addition of slightly volatile solvents like isopropanol, the evap-
oration rate and thus the specimen morphology can be influenced as 
well [17].

Static charges occurring on the silicon dioxide surface of the sample 
carrier further impact the film formation. Surface charges can have a 
major impact on the droplet contact angle and spreading. Both will 
also depend on the droplets surface charge. It is expected that droplets 
become statically charged when leaving the nozzles of the cartridge,
e.g., as in continuous inkjet printing systems [11,18]. Negative charges 
on quartz glass can occur by deprotonation of the silanol groups 
under contact with water. The negative charge density is a function 
of the pH-value and is positively correlated with the pH [19]. The 
cleaning process of the sample carriers may also induce static charges 
2 
for the same reason. They were cleaned with basic and acidic cleaning 
solutions and with water at the end.

In general, the transfer and interaction at water/silicon-oxides inter-
faces are quite complex. When a water droplet gets in contact with a 
surface, negative charges are transferred from the surface to the droplet 
through electron and ion transfer [20]. The sample solutions used in 
this work are basic with pH values of 9–10, accordingly they are able 
to deprotonate the silanol groups. The simple handling of the sample 
carriers (e.g., placing them in plastic petri dishes) may also induce 
static charges on the quartz surface. Techniques like electrowetting-
on-dielectric also make use of electric fields. By applying an electric 
field to a conductive droplet the surface tension gets reduced resulting 
in droplet movement which is applied in microfluidic platforms [21]. 
Furthermore, on superhydrophobic surfaces, droplets are able to move 
along the surface charge density gradient [20].

In this study, for obtaining a small contact angle and improved 
spreading and preventing the movement of the picoliter derived
droplets the sample carrier surface was not siliconized. The influence 
of a static eliminator and some other parameters on obtaining film-
like morphologies was tested. In case the reflector surface (e.g., due 
to Si–O-groups) and the droplets (due to strong basic conditions) are 
both negatively charged at the surface, a positive impact of charge 
elimination can be expected.

The aim of this work is to identify parameters and settings especially 
the influence of using charge elimination leading to film-like specimens 
of anionic ethylenediaminetetraacedic acid (EDTA) complexed solu-
tions in basic conditions. The complexation with EDTA is necessary to 
keep the cations in a stable solution. It prevents them from adsorption 
on the cartridge wall surfaces. Stabilization using acidic conditions is 
not possible in this set up, it results in cartridge corrosion [5]. Hence, 
the complexing agent is a mandatory component of the sample solution 
which makes it very difficult to test the influence of it on the film 
formation. It can be concluded however from the studies presented 
here, that particle-like as well as film-like specimen can be obtained 
from anionic EDTA complexed solutions [4,5]. The determination of 
specimens being particle-like and film-like is solely done by the shape 
of the GIXRF measurements. However, according to calculations of von 
Bohlen et al. particle-like curves are obtained for specimens exceeding 
the coherence length of the excitation radiation which is usually several 
100 nm. Typically, film-like GIXRF scans are obtained for sample 
heights of some single digit nm, e.g. 5 nm [22].

The relationship between the particle size or film height and the 
progression of the signal intensity during GIXRF measurements is de-
scribed by Klockenkämper and von Bohlen [2]. When the sample 
is placed in the X-ray standing wave field (XSW) during an GIXRF 
measurement, the nodes and antinodes are penetrating the specimen. 
With increasing glancing angle, the number of nodes and antinodes 
increases while their thickness is decreasing. GIXRF can be used for the 
determination of the analytes particle size or the height of the analyte 
film, respectively. The angle dependent signal intensity of smaller 
particles, e.g., 1 nm or thin films, shows a strong increase of nearly 
fourfold the post critical angle intensity just before reaching the critical 
angle, while sizes of about 100 nm are showing an oscillating intensity 
progression to the two- or threefold intensity [2].

Sparks et al. showed first grazing incidence X-ray fluorescence 
analysis of picoliter derived residues with regard to Si-wafer surface 
contamination control. In general particle-like and film like contam-
ination samples are distinguished. The particle-like specimens show 
quasi-double excitation below the critical angle while thin films have 
a sharp peak close to the critical angle [6]. Besides the particle-like 
morphology there are also height effects visible if there is only a 
single residue [4]. Those height effects were studied by Till et al. 
with measurements and theoretical calculations on large residues [23]. 
Hence, the morphology of the sample has a strong influence on the 
angle-resolved intensity in GIXRF [2]. Fig.  1A visualizes theoretical 
GIXRF measurements for particle-like (blue scan) and film-like (red 
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Fig. 1. Different morphologies in grazing incidence X-ray fluorescence analysis (Mo K𝛼 = 17.5 keV, Si reflectors). Left: Ideal conditions (1 nm layer (film-like), 
10 μm residue (particle-like), and bulk substrate) calculated according to literature [22,24–26]. Right: Non-ideal conditions from measurements of microliter 
derived specimens.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
scan) residues calculated according to literature [22,24–26] as well as 
real measurements in Fig.  1B.

The measurements show the same distinctive features as the sim-
ulations. Theoretical calculations are idealized with full excitation of 
the specimen on a perfect flat and smooth reflector using a parallel 
beam with no energy divergence. Non-ideal conditions are caused for 
example by: (a) real reflector’s surface roughness [2], (b) the Gaussian 
shape of the beam, with slight divergence from being parallel [27], (c) 
the monochromator’s energy divergence [28], (d) the specimen heights 
causes excitation by the beam below 0◦ [23], and (e) the specimen 
having an offset to the detector [4]. Many of these parameters can be 
addressed by software packages published by Ingerle et al. as well as 
Brigidi and Pepponi [29,30]. The instrument parameters can often not 
be changed and only the sample preparation can be optimized.

Hampel et al. have studied picoliter derived specimens with differ-
ent patterns using GIXRF to learn about the pattern/morphology — 
signal relation. The GIXRF scans were performed with a parallel beam 
(using Goebel mirrors) and a more divergent beam from a focusing 
multilayer monochromator [4].

Von Bohlen et al. calculated different angle-dependent relative in-
tensity profiles. For small sample heights in the range of 1–10 nm, the 
typical film-like profile was obtained [22].

Sample preparation techniques used for depositing thin layers in 
the micrometer or nanometer range include spin coating, physical and 
chemical vapor deposition [31]. During spin coating for example, a 
liquid solution is distributed on a substrate by rotation. The thickness 
of the resulting layer is thereby influenced by the speed of the rotation, 
the acceleration and the time. Also the characteristics of the liquid, the 
temperature and humidity are described in that review [31].

For performing quantitative analysis, a calibration which is convert-
ing the measured signal into a quantity is necessary [32]. Depending 
on the analytical method, the calibration can be carried out via an 
IS, like in (T)XRF [2,32] or via a calibration function using external 
standards [32]. With respect to TXRF it means that the internal stan-
dard concentration or mass need to be known or given to quantify the 
respective element(s) in the sample [2]. In contrast to the methods for 
depositing thin layers on substrates described above, picoliter derived 
specimen can be deposited with high reproducibility in mass in an user-
defined pattern and can be used as a reference sample for quantitative 
analysis in TXRF measurements [5]. The goal of this study was to 
overcome the challenges in the preparation of film-like morphologies 
using picoliter drop on demand printing with aqueous sample solutions. 
Applying static charge elimination on the sample carriers, using addi-
tives, low concentrations and carefully selected printing parameters it 
is now possible to reliably deposit Ni thin films onto sample carriers 
which can be used in the future as a quantification standard for samples 
having the same morphology.
3 
The sensitivity of an elemental line in TXRF is derived by the 
signal to concentration ratio, which is angle dependent, especially for 
film-like specimens. The normalized intensity progressions of film-like 
and particle-like morphologies differ significantly from one another 
and overlap at the iso-angle of ≈0.075◦ (see Fig.  2). This calibration 
problem has been addressed predominantly in semiconductor quality 
control. Traditionally, standard wafers coated with thin layers of Ni 
were used for calibration exhibiting the same angle dependent sensi-
tivity as the wafer surfaces to be analyzed. The newer ‘‘Vapor Phase 
Deposition’’ strategy however resulted in a dried deposit, which often 
exhibited particle-like angle dependence [6]. A round robin comparing 
results on Ni-coated wafers, found sever deviations between using 
particle-like and film-like calibration standards. Deviations calibrating 
with matching morphologies were 7% and 5% while using particle-like 
calibration a positive bias of 35% was found. These deviations were ob-
served although the determination was performed at the iso-angle [33]. 
The glancing angle for TXRF measurements described commonly in 
literature is equal to 50%–70% of the critical angle of the sample 
carrier material (here, 𝜙𝑐𝑟𝑖𝑡(quartz,17.5 keV) = 0.1◦) [2,34]. In a set 
up like the one used here (featuring a Goebel mirror for molybdenum 
K𝛼) the signal will differ 7%–52% between 0.07◦ and 0.05◦, respec-
tively. Haberl et al. using an Atomika 8010 instrument identified an 
uncommon morphology, however still particle-like appearance of the 
Rb analyte in a multi-element fly ash sample as the reason for an under-
determination of up to 20% [35]. The deviations between particle-like 
and film-like specimens may become less severe by increasing the 
divergence of the primary beam. However, it was shown that significant 
differences remain [36].

In this study, we focused on establishing a robust procedure for film-
like specimen formation. In future work film-like external calibration 
standards will be applied to study samples like wafers and aerosols. 
This will require additional effort in method validation, considering,
e.g., lateral dimensions of the samples and the detector field of view. 
This will go beyond the scope of the study presented here.

Fig.  2 indicates in grey the typical angle range of TXRF measure-
ments for both, film- and particle-like morphologies. Laboratory TXRF 
devices may not always have the capability of angle scanning and the 
measurement position is set to the maximum intensity in general of a 
particle-like calibration standard and films are usually not considered. 
Under those prerequisites an external calibration with film standard is 
necessary in order to prevent quantification bias due to the position 
deviation.

In the future this capabilities need to be evaluated for other el-
ements. Additionally, it will be possible to imitate real samples like 
‘‘coffee rings’’ through combining particle-like and film-like residues to 
investigate their influences in TXRF measurements. The determination 
of a specimen being particle-like or film-like is solely done by the angle 



F. Sand et al. Spectrochimica Acta Part B: Atomic Spectroscopy 243 (2026) 107586 
Fig. 2. Deviations (black) between the normalized intensities of film-like (red) and particle-like (blue) GIXRF measurements. Possible TXRF incidence angles 
0.05◦–0.07◦ [2,34] are illustrated within the grey marking. The film-like and particle-like curves intersect at an iso-angle of ≈0.075◦. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
dependent intensity profile. It is strongly supported by theory [2,22] 
and experimental evidence [6]. True e.g. spin coated films [6] and 
single digit nm particles [22] both show film-like angle dependence 
of the signal. With respect to this study, the presence of the organic 
ligands has yet unknown influence on the shape. Therefore atomic force 
microscopy (AFM) was used as a second method to probe the shape of 
the residues.

2. Materials and methods

2.1. Chemicals and materials

Single element Ni, Co, Ga and V ICP stock solutions (1 g L−1, 
Roti®Star, Carl Roth, Karlsruhe, Germany), ethylenediaminetetraaced-
icacid (EDTA) (99%, Alfa Aesar, Haverhill, USA), 10% ammonia solu-
tion (pure, Carl Roth, Karlsruhe, Germany), Triton X-100 (pure, SERVA 
Electrophoresis, Heidelberg, Germany), silicone solution in isopropanol 
(SERVA Electrophoresis, Heidelberg, Germany), isopropanol (for anal-
ysis, Merck KGaA, Darmstadt, Germany), Fluorescein (for analysis, 
Riedel de Haën AG, Seelze, Germany), 40% hydrofluoric acid (for 
analysis, Carl Roth, Karlsruhe, Germany) and 69% Nitric acid (supra, 
ROTIPURAN®, Carl Roth, Karlsruhe, Germany) were used for prepa-
ration. Ultrapure water (≈0.055 μS cm−1, Purelab Flex 4, Elga Lab 
Water, High Wycombe, United Kingdom) was used for dilutions. The 
sample solutions were deposited with C6602A cartridges (HP, Palo 
Alto, California, United States of America) with a droplet volume of 
≈160 pL [14]. All preparation steps were carried out in laminar flow 
boxes (Cruma 870 FL, Diantech Solutions S. L., Barcelona, Spain and 
FBS 75, Spetec GmbH, Erding, Germany).

2.2. Sample solutions and internal standardization

A 60 mmol L−1 EDTA stock solution was prepared from 0.6967 g 
EDTA, 3.2 mL 10% ammonia solution, and filled to a total volume of 40 
mL with ultrapure water. To obtain the ≈0.0067% (w/v) Triton X-100 
stock solution, ≈2.5 μL Triton X-100 were diluted with 40 mL ultrapure 
water. The Ga stock solution was diluted in two steps with Nitric acid 
and ultrapure water to gain the end concentration of 0.1 mg L−1. The 
4 
Vanadium standard solution was diluted to 0.5 mg L−1 in two steps as 
well.

Solutions for contact angle determination as well as picoliter print-
ing on Si-wafers were prepared in different concentrations (10, 50, 100, 
200, 300, and 600 mg L−1) from the Ga standard, EDTA stock solution, 
10% ammonia, and ultra-pure water according to Hampel et al. [5]. The 
10 mg L−1 solution was diluted (0.1, 0.5, 1, 2, 3, and 6 mg L−1) with 
5 vol% of 10% ammonia for the microliter derived specimens in basic 
solution. Acidic solutions of the same concentration were prepared 
from the Ga standard with 5 vol% of 69% nitric acid.

100 μL of the Ni stock solution were mixed with 30 μL of the EDTA 
stock solution, 30 μL 10% ammonia solution, either ≈1000 μL of the 
Triton X-100 stock solution or 1000 μL isopropanol if any of those 
additives were used and filled up to 10 mL with ultrapure water for 
pL printing.

For better visibility of the residues in the AFM camera image, 
fluorescein was mixed with 10% ammonia solution and ultrapure water 
to a 0.3 mol L−1 solution and then added to the 10 mg L−1 Ni solution 
to gain an end concentration of fluorescein, present as the ammonium 
salt of 5.9 mmol L−1.

2.3. Picoliter drop on demand printer

To enable the deposition of user defined patterns, the reflectors 
were placed on the xyz-stage of the picoliter drop on demand printer 
based on a HP-printing cartridge and a micro controller. The picoliter 
printer as well as the precise printing procedure is described by Hampel 
et al. [5]. The printing parameters include the quiet time (time between 
two droplets), the distance between two droplets and the number of 
deposits in a given pattern. The printing pattern are consisting of 
several pixels. One deposit is usually formed by spotting one droplet 
per position (pixel), however in the 16 × 16 pattern the number of 
droplets per point were increased to three. The number of droplets 
being applied in total in a pattern is obtained by multiplication of the 
number of droplets per position and the number of deposits (pixels). 
The 16 × 16 pattern for example consist of 216 deposits (pixels) so the 
deposition of three droplets per position results in 648 droplets in total. 
The parameters of this study are shown in Table  1.



F. Sand et al. Spectrochimica Acta Part B: Atomic Spectroscopy 243 (2026) 107586 
Table 1
User defined printing patterns with the respective printing parameters used for 
deposition.

 Pattern (a) (b) (c)  
 Droplets/position 1 1 3  
 Quiet time [s] 0.4 0.3, 0.5, 1.0 0.5  
 Distance between two 
droplets [μm]

200 200 200  

 Number of deposits 400 676 216  
 Number of droplets 400 676 648  
 Pattern size [mm] 4 × 4 5 × 5 ∅ = 3  

The two different patterns (b) and (c) described in Table  1 are used 
for the investigations in the film formation of aqueous Ni solutions 
with different printing parameters, additives and with regard to the 
surface quality of the quartz glass reflector. Described by Hampel et al. 
the intensity profile of the Bruker S4 T-Star® detector field of view 
(FOV) is Gaussian distributed and therefore the measured intensity of 
the printed patterns are decreasing with increasing distance from the 
detector FOV. The further the printed residues are placed apart from the 
center of the sample carrier the less respective intensity can be captured 
by the detector which is leading to an underestimation so that printing 
patterns cannot be infinitely large in diameter [4]. The respective 
sample carriers were not siliconized before usage improving the film 
formation process. For the quantification of those patterns, separate 
quantification samples were prepared on previously siliconized sample 
carriers where 10 μL of a silicone solution in isopropanol was applied 
(SERVA Electrophoresis, Heidelberg, Germany). After drying, a defined 
number of droplets was deposited as a single residue in the middle 
of the quartz glass carrier with the same quiet time which was used 
for the respective samples as the quiet time has an influence on the 
signal intensity and thus on the applied mass [9]. The quiet time is 
an adjustable printing parameter and describes the time that passes 
between the release of two single droplets. During that time, the solvent 
at the nozzle evaporates which leads to a higher element concentration 
in the droplet and thus to bigger residues and higher element masses 
in the respective deposits [9]. 10 μL of the 0.1 mg L−1 Ga solution 
(mGa = 1 ng) or 10 μL of the 0.5 mg L−1 V solution (mV = 5 ng) 
was then pipetted manually on that deposit and dried under infrared 
light resulting in particle-like morphology for both, analyte and internal 
standard.

2.4. TXRF and GIXRF measurements

Two laboratory grazing incidence X-ray fluorescence (GIXRF) de-
vices were used. Specimens on Si-wafers (675 μm thickness) were 
measured with a custom-built setup by Brigidi and Pepponi [30]. A 
Phoenix multi-purpose diffractometer (TNX Srl) with Mo X-ray tube 
(40 kV, 30 mA, K𝛼 = 17.5 keV) and multilayer optics (AXO Dresden) 
were used together with a silicon drift detector (Ketek). The detector 
was placed perpendicular to the incident beam and specimens were 
placed manually under the detector. GIXRF spectra were taken with 
60 s exposure per step (𝛥𝜙 = 0.005◦) for microliter derived specimens. 
Picoliter printed samples were measured with 600 s dwell time.

Specimens on quartz glass carriers (B&M Optik, Limburg, Ger-
many) were measured with a Bruker S4 T-Star® (Bruker Nano GmbH, 
Berlin, Germany) using an air-cooled Mo X-ray tube (50 kV, 1 mA, 
K𝛼 = 17.5 keV) with a 60 mm2 silicon drift detector. For examining 
the morphology of the samples, GIXRF measurements were performed 
using the non-focusing Goebel mirror optics with a measurement time 
of 1000 s per step (𝛥𝜙 ≈ 0.005◦). The angle dependent intensities were 
normalized on the mean of the last three measurement points. Error 
intervals were determined using error propagation from the errors of 
the counting statistics. Offsets of the motor position during acquisition 
5 
were corrected to the critical angle of silicon (𝜙𝑐𝑟𝑖𝑡 = 0.1◦, quartz, 
17.5 keV) [2]. The calibration of the motor positions to the angles was 
performed by determination of critical angles of different materials as 
described by Till [37]. To quantify the respective Ni masses quantifica-
tion samples were measured with total reflection X-ray fluorescence for 
1000 s using a focused multilayer monochromator and the net intensi-
ties were corrected with the blank values which were measured with 
the same measurement parameters. Therefore, the respective element 
counts of the cleaned and siliconized sample carriers (blanks) were 
subtracted from the element counts of the respective quantification 
sample carrier. For both measurements the sample carriers are placed 
in the exact same measuring position. Count rates of the elements of 
interest for the blank sample carriers were in the two to low three digit 
range. On the quantification samples count rates in the four to five digit 
range were measured for the elements of interest. 

The evaluation of TXRF and GIXRF spectra was done using PyMca 
version 5.4.2 [38]. Quantification of the Nickel masses (mNi) are cal-
culated with Eq. (1) using the net intensities of Ni (NNi) and the 
internal standard (NIS), the mass of the internal standard (mIS) instead 
of its respective concentration and the manufacturer given relative 
sensitivities of Ni (SNi) and the internal standard (SIS) [2]. 1 ng Gallium 
or 5 ng Vanadium were used as internal standard. With the applied 1 ng 
Gallium as internal standard (SGa = 1) Eq. (1) can be simplified. 

𝑚𝑁𝑖 =
𝑁𝑁𝑖 ⋅ 𝑚𝐼𝑆 ⋅ 𝑆𝐼𝑆

𝑆𝑁𝑖 ⋅𝑁𝐼𝑆
=

𝑁𝑁𝑖 ⋅ 1 𝑛𝑔
𝑆𝑁𝑖 ⋅𝑁𝐺𝑎

(1)

After performing a Grubbs outlier test on the respective 6–8 quan-
tification samples [39,40], the analyte masses were averaged and given 
in nanogram (ng) with the 95% confidence interval. For the Grubbs 
outlier test, the standard deviation based on a sample from a population 
(n-1 method) was used [40].

2.5. Contact angle determination

For the contact angle determination an Edmund optics EO-0413M 
camera (752 × 480 px, monochrome, 8 bit) with small objective was 
used together with a manual translation stage to position the sample 
into focus. A 1.5 μL droplet was placed with a microliter pipette onto 
the surface of the reflector and an image is taken. The process is done 
with at least six replicas per solution. Si-wafers (675 μm thickness) were 
used without pretreatment for the native silicon oxide. A hydrofluoric 
acid dipping (2 w%) of the same batch of wafers yielded the freshly 
etched silicon.

Data processing was done within ImageJ [41] with the Drop Anal-
ysis plugin [42,43]. Basic splines (B-splines) are fitted onto the droplet 
(see Figure S1 in supplementary) and the contact angles are derived 
from the B-splines. After a Grubbs outlier test the contact angles are 
noted as mean values with 95% confidence interval.

2.6. Static eliminator

The static eliminator AD 1683 (A&D Company Limited, Oxfordshire, 
United Kingdom) was placed at a distance of ≈20 cm from the middle 
of the sample carrier which is placed on the xyz-stage of the picoliter 
printer as indicated in Fig.  3. 

The eliminator was running at least 4 s before starting the printing 
procedure and was left running during that. The preparation of the 
quantification samples was done without using the static eliminator.

2.7. Atomic force microscopy

Residue shapes and the roughness of the sample carriers were deter-
mined using the atomic force microscope NX12 with the SmartscanTM
software version 2.0 RTM2d (2024-9-12) (Park Systems, Suwon, Ko-
rea). A silicon AC200TS cantilever (150 kHz resonance frequency and 
spring constant of 9 N m−1) with 7 nm tip radius (Olympus, Tokio, 
Japan) was used in non contact mode at ambient conditions. The 
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Fig. 3. Experimental setup consisting of the picoliter printer (left) and the static eliminator placed at a distance of 20 cm (right).
Fig. 4. GIXRF of picoliter droplet derived residues on freshly etched silicon (left side) and quartz glass carriers (right side). According to Ref. [36].  (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
resolution is given by the images (1024 × 1024 px) and the scanned 
area. For 50 μm × 50 μm areas and 90 μm × 90 μm the resolutions 
are given with 49 nm and 88 nm, respectively. The measured data 
were evaluated using a combination of Gwyddion [44,45] version 
2.67.20250131 and version 2.66 and XEI version 5.2.0.Build1 (Park 
Systems, Suwon, Korea). Before starting the evaluation process, the 
captured z-height forward pictures of the sample surfaces were three 
point leveled and treated in the way that the facet level function 
was applied, the rows were aligned using the median method and if 
necessary, the horizontal error lines were corrected. In the end, the 
minimum height was set as the zero value and the Gwyddion.net color 
code in combination with the automatic color range tool was used 
for better visibility. The roughness calculation is done by the program 
using Eq. (2) [44–46].

3. Results and discussion

3.1. Influences of the delivered analyte mass on the film formation

The influence of printed masses on film-like residues formation have 
not been studied very detailed yet. Sparks et al. [6] have shown that 
Ni film-like specimens occurred printing deposits of 0.0225 pg while 
6 
Table 2
Contact angles of water and Ga in acidic conditions as well as EDTA complex 
using 1.5 μL droplets on freshly etched silicon and native silicon oxide. The 
contact angles are noted as mean with the 95% confidence interval (CI). 
According to Ref. [36].
 Liquid 𝜃𝑐 ± CI(95%) [◦]

freshly etched silicon
𝜃𝑐 ± CI(95%) [◦] 
native silicon oxide

 

 water 70.3 ± 2.0 (n = 36) 50.6 ± 2.6 (n = 24) 
 6 mg L−1 Ga acidic 70.5 ± 3.9 (n = 12) 52.8 ± 2.7 (n = 22) 
 6 mg L−1 Ga-EDTA 67.9 ± 2.8 (n = 12) 45.0 ± 2.1 (n = 24) 
 100 mg L−1 Ga-EDTA 54.7 ± 6.0 (n = 12) 52.7 ± 4.9 (n = 24) 

2.25 pg per deposit yielded particle-like samples on clean Si-wafers. In 
our previous studies residues were obtained on siliconized reflectors, 
these hydrophobic surfaces promote particle-like morphology [4,5]. 
Tsuji et al. gained a hydrophilic surface promoting films by treating 
glass with a Helium atmospheric pressure plasma jet. The modification 
of the surface obtained a reduction of the contact angle between the 
substrate and the droplet [47]. Hence, clean more hydrophilic surfaces 
should be preferred. Freshly etched Si-wafers are hydrophobic and also 
promote the formation of particle-like morphologies. Here we study a 
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wide concentration range from 0.4 pg to 40 pg per droplet delivered 
with the picoliter printer (residues were derived using a 20 × 20 
pattern (4 × 4 mm)) on an etched Si-wafer and on untreated quartz 
glass carriers. Subsequent GIXRF scans are shown in Fig.  4A for the 
etched surface and B for the quartz reflectors. On the etched Si surface 
particle-like residues were achieved over the whole concentration range 
indicating the good reproducibility of the morphology. The smaller 
droplets tendency of forming films is drastically reduced at high contact 
angles. The surface charge may also play a role, but the impact of the 
HF etching on the contact angle dominates the formation of particle-
like residue. Printing similar concentrations on untreated quartz glass 
carriers, a strong dependence of the concentration onto the morphology 
is visible (see Fig.  4B). With small concentrations, i.e. 0.8 pg and 4 pg 
per deposit, film-like and close to film-like residues are obtained, while 
with increasing mass the particle-like fraction increases until quasi-
double excitation is visible. In comparison microliter droplet derived 
residues show no trend of the morphology depending on the deposited 
mass (see Figure S2).

All residues consist only of a single droplet per point. By this 
procedure only the interaction of the droplet with surface remains and 
can be probed. The most critical parameter influencing the morphol-
ogy is the contact angle between liquid and surface and the surface 
roughness has also minor impact. The contact angle (see Figure S1) was 
probed for water, Ga-EDTA complex with high (100 mg L−1) and low 
concentration (6 mg L−1) as well as Ga in acidic solution (6 mg L−1). 
The four solutions cover not only picoliter printing but also microliter 
deposition for regular liquid sample preparation. Table  2 shows the 
contact angle of the mentioned solutions on freshly etched silicon as 
well as native silicon oxide layers. The Ga standard was used here 
to accommodate interference present in one of the GIXRF spectrome-
ters [30]. Cobalt and nickel were tested together with different 3d metal 
ions for their film formation capability. The EDTA complex stability 
constants of these three elements are quite similar (𝑙𝑜𝑔𝐾𝐺𝑎 = 20.3; 
𝑙𝑜𝑔𝐾𝐶𝑜 = 16.3; 𝑙𝑜𝑔𝐾𝑁𝑖 = 18.6) and in the middle of those from 65 
elements printable as has been shown previously [5,48]. Additionally, 
Ni is the standard element in silicon wafer quality control, as it exhibits 
favorable diffusion in silicon and stays at the wafer surface. It has 
become the standard element in TXRF in general. Hence Ni was used 
for all studies applying the static charge elimination.

The expected contact angles for water are met on both surfaces 
with 70.3 ± 2.0◦ on silicon as well as 50.6 ± 2.6◦ and are comparable 
to literature data from Hermansson et al. and Yang et al. [49,50]. 
The prepared Ga-EDTA solutions were optimized for their printability 
requiring sufficient amounts of ammonia to prevent adsorption effects. 
In the 100 mg L−1 Ga-EDTA solution there is approx. six times more 
ammonia than in the 6 mg L−1 Ga-EDTA solution, which may also 
influence the contact angle. The contact angle on freshly etched silicon 
and native silicon oxide are equal indicating changes of the surface, e.g., 
(a) etching or (b) re-oxidation and subsequent negative surface charges. 
While ammonia acts mostly as an etchant [51–53], the interplay of 
ammonia and EDTA may result in oxidation rather than etching similar 
to hydrogen peroxide/ammonia cleaning processes [51]. On micro-
scopic level the high elemental concentration in the deposited residue 
will yield particle-like residues and the film formation is unlikely. It 
is obvious that film formation on etched surface cannot be achieved 
easily, hence all following preparations were performed on native 
quartz reflectors.

The GIXRF scan shapes are classified according to their appearance. 
The shape form is assigned according to the reference shapes shown 
in Fig.  5, with A being completely particle-like (blue), B being a mix 
between film-like and particle like (orange), C being nearly film-like 
(green) and D being completely film-like (red). The color code will 
be applied to the GIXRF scans for optical classification of the sample 
morphology. In the last two columns of Table  3 the GIXRF scan of each 
specimen according to this classification is given. All performed GIXRF 
measurements evaluating the influence of different parameters on the 
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Ni film-like morphology are displayed in Fig.  6. The respective sample 
numbers can be assigned to the tested parameters shown in Table  3. In 
the following sections the influence of the surface roughness, additives 
and finally of the elimination of static charges for producing film-like 
residues is discussed. It is shown, that on common quartz glass carriers, 
the combination of using an additive and static elimination makes the 
production of film-like specimens very reliable.

3.2. Surface quality

In the previous section it became clear that the hydrophilic char-
acter of a surface has a major influence on the film-like specimen 
formation. In the following, untreated quartz glass carriers with surface 
characteristics (contact angles from 45–53◦) as shown in Table  2 were 
used. These carriers are common in TXRF analysis [2]. The surface 
roughness of the quartz glass carriers need to be lower than 5 nm within 
an area of about 1 mm2 to be able to totally reflect the incoming X-ray 
beam according to theory [2]. It is assumed that rough surfaces can 
also lead to more particle-like specimens, as scratches on the surface 
tend to pin the contact line of the liquid during the drying process [3]. 
Using atomic force microscopy, the sample carriers where measured in 
non contact mode for determining the respective average roughnesses 
Ra according to Eq. (2) where N represents the evaluation length and 
rj the average deviation from the mean line [46]. Therefore, the center 
of the sample carrier was placed underneath the cantilever to probe 
an area of 50 μm × 50 μm which is considered as representative for 
the whole sample carrier. Vertical and horizontal lines where measured 
within the probed area. The indicated sample carrier roughness’s below 
are approx. the highest measured values. 

𝑅𝑎 =
1
𝑁

⋅
𝑁
∑

𝑗=1
∣ 𝑟𝑗 ∣ (2)

The roughnesses of a sample carrier set consisting of 24 quartz glass 
discs were determined within the range of 0.2 nm to 1.5 nm and 
are therefore even smaller than the recommended 5 nm given in the 
literature [2]. Within the measured range, the influence of the sample 
carrier roughness can be neglected. The respective surface roughness is 
given in Table  3 (sample No. 9–26), showing that the roughness has 
no remarkable influence on the GIXRF scan shape (see Fig.  5). The 
specimen on the roughest carriers with 1 nm roughness, i.e. sample 11 
and 13 both exhibit a film-like shape (D-shape according to Fig.  5). For 
GIXRF scans see Fig.  6.

3.3. Additives

Additives like Triton X-100 are frequently used in TXRF [1,16]. It 
has been shown that they can improve the repeatability by means of 
lowering the relative standard deviations for samples with high saline 
concentrations [54] and preventing slurrys from aggregation in certain 
cases [1]. Additives in pL applications are not very common but are 
used to lower the contact angle between the printed droplets and the 
sample carrier in this work. For examining the influence of different 
additives, a Triton X-100 solution (end concentration in the sample 
solution ≈0.00067% (w/v); sample No. 12 , 15 and 23) and isopropanol 
(end concentration in the sample solution = 10 vol%; sample No. 16, 
17), were chosen. The respective angle scans can be seen in Fig.  6. For 
comparison, samples with no additives were also prepared (sample No. 
9, for GIXRF scan see Fig.  6.).

A 26 × 26 px square printing pattern was used. Only the sample No. 
15 and 17 with Triton X-100 and isopropanol exhibited a very close to 
film-like GIXRF scan (C-D) (see Fig.  6.), all the other samples showed 
either a completely particle-like scan (A) (No. 9 and 16) as well as in-
between shapes, i.e. No. 12 and 23, with both C-shape. The masses per 
deposit were quite similar and did not have a notable influence on the 
GIXRF scan. They were in the range of 0.88 pg (sample No. 16, shape 
A) to 1.4 pg (sample No. 12, 15 and 23 – C and C-D shape). The data 
is given in Table  3.
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Fig. 5. Classification of GIXRF scan shapes with A being completely particle-like and D being completely film-like and B and C being near film-like and a mixed 
appearance. The substrate Si is illustrated in grey, respectively.  (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
Fig. 6. Comparison of GIXRF measurements with and without static elimination. The samples are named according to Table  3. The respective scan shapes (A–D) 
are noted behind the sample numbers and the respective color code is applied. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
3.3.1. Multiple printing
The quiet time and the number of droplets deposited per position 

can be used for having control over the applied mass [5] of Ni onto the 
sample carriers. The mass can also be influenced by the relative humid-
ity where a lower humidity is leading to a higher element count rate 
and to larger residues [9]. External conditions, e.g. the temperature, 
also have a remarkable influence on the drying procedure of droplets 
and thus on the homogeneity of the specimen [5]. The correlation of 
the temperature with the film formation is part of further tests and will 
not be discussed in this publication. However, the influence on spotting 
multiple deposits at the same position was tested.

Printing several droplets on top of each other may lead to a higher 
dried specimen than single printed ones. Here, in total ca. 4 pg were 
delivered with three droplets applied per position in a 16 × 16 pattern. 
Triton X-100 was used as an additive (sample No. 19). The angle 
dependent intensity progression is close to a completely particle-like 
shape (between A and B, see Fig.  6.). The same mass delivered in one 
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deposit (see Fig.  4, 4 pg per deposit red dots) exhibited a film-like scan 
(D).

3.4. Elimination of static charges

In the previous section it was shown that reducing the delivered 
mass is an important factor for film-like specimen formation and also 
the additive is important. Nonetheless, the specimens often exhibit 
mixed behaviors. The introduction of static elimination as an additional 
parameter leads to a very reliable production of film-like residues.

Printing parameters that did not lead to film morphologies before 
can now be varied in a certain range for the respective additives to 
create user defined nickel films. For example sample No. 11 without 
any additives shows a film-like shape, being printed using static elimi-
nation. Nonetheless, without additive the reliability for obtaining a film 
is lower (i.e. sample No. 10 has a B shape). All samples with additives 
either Triton X-100 or isopropanol show a film-like behavior (sample 
No. 13, 14 and 18) when static charges are eliminated. The masses 
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Table 3
Overview of all samples with parameters and GIXRF scan shapes without (1) and with (2) the use of the static eliminator.
 No. Roughness Mass/deposit Total mass Additive Shape Shape 
 [nm] [pg] [ng] 1 2  
 Gallium On etched 20 × 20 pattern  
 Si-wafer  
 1 – 0.4 0.16 – A –  
 2 – 2 0.8 – A –  
 3 – 4 1.6 – A –  
 4 – 8 3.2 – A –  
 5 – 24 9.5 – A –  
 Cobalt All following 20 × 20 pattern  
 on Quartz glass  
 6 – 0.8 0.32 – D –  
 7 – 4 1.6 – C –  
 8 – 40 16 – A –  
 Nickel 26 × 26 pattern Test additives  
 9 0.4 – – – A –  
 10 0.5 2.3 1.54 – – B  
 11 1 2.3 1.54 – – D  
 12 0.5–0.6 1.4 0.97 Triton X-100 C –  
 13 1 1.2 0.79 Triton X-100 – D  
 14 0.5–0.8 1.9 1.26 Triton X-100 – D  
 15 0.2–0.3 1.4 0.97 Triton X-100 C-D –  
 16 0.2–0.3 0.88 0.59 Isopropanol A –  
 17 0.2–0.3 0.94 0.63 Isopropanol C-D –  
 18 0.2–0.3 1.9 1.28 Isopropanol – D  
 Nickel 16 × 16 pattern 3 × droplets  
 19 0.8–1.2 4.2 0.93 Triton X-100 A-B –  
 20 0.5–0.6 5.7 1.21 Triton X-100 – D  
 21 0.1–0.2 5.7 1.23 Isopropanol – C-D  
 22 0.1–0.2 6.9 1.48 – – B-C  
 Nickel 26 × 26 pattern Same carrier  
 23+24 0.5–0.6 1.4+1.2 0.97+0.79 Triton X-100 C D  
 Nickel 26 × 26 pattern Quiet time  
 test (1 s)  
 25 0.6–1.0 2.04 1.38 Triton X-100 – B  
 26 0.3–0.5 2.04 1.38 Triton X-100 – D  
per deposit being 1.2 and 1.9 pg, respectively. Even the samples with 
3 × printed deposits and masses of 5.7 pg obtain a film-like character 
with static elimination (sample No. 20, D shape and sample No. 21, 
C-D shape). When using the same sample carrier and Triton X-100 as 
an additive it is shown that with static elimination a film-like GIXRF 
scan D is obtained however not without the elimination (C shape) (see 
Fig.  6). All results are shown in Table  3.

3.5. Residue shape

It would be very interesting to have detailed information on the 
film-like dried residue dimension. Unfortunately, it was not possible to 
identify the deposits with atomic force microscopy. Through the camera 
image (839 μm × 629 μm) of the atomic force microscope the sample 
residues are hardly visible which complicates the correct positioning of 
the cantilever before starting the measurement. To overcome that prob-
lem, a fluorescein solution (end concentration in the sample solution 
5.9 mmol L−1) was added.

In Fig.  7 the shape of the film-like deposits printed in the 26 × 26 px 
square pattern with one droplet being applied per position can be seen. 
With fluorescein being used as a coloring agent, the film is visible as a 
combination of ring shaped residues and a wavy structure which covers 
the printed area. The GIXRF scan is also showing a film formation 
with a noticeable concave increase of the normalized intensity before 
reaching the critical angle and can be seen in Fig.  8. The addition of 
fluorescein seems to improve the film formation.

The heights of the ring shaped residues are varying from ≈5–60 nm 
and the diameter from ≈35–50 μm. The edges of the wavy structures 
are ≈30–120 nm high.
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Fig. 7. Camera image (839 μm × 629 μm) capturing the residue shape of a 
10 mg L−1 Ni solution with Triton X-100 as an additive and 5.9 mmol L−1
fluorescein solution with film morphology printed with one droplet per posi-
tion and a quiet time of 0.5 s in a 26 × 26 px pattern.  (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.)

Nevertheless, the samples with the different additives without fluo-
rescein were measured as well.

The AFM measurements of the actual printed sample solutions 
without fluorescein are not showing the wavy structures.
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Fig. 8. GIXRF measurement of a 10 mg L−1 Ni solution with Triton X-100 as an additive and 5.9 mmol L−1 fluorescein solution printed with one droplet per 
position in a 26 × 26 px pattern with static elimination (D shape).  (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
It is obvious that the shapes of the residues are dominated by 
fluorescein. Its addition increases the heights and diameters which is 
not surprising as its concentration is approx. 200 times higher than Ni’s 
in the sample solution. The AFM can be used to determine the shape, 
height and diameters in the sub nm range but it is not able to provide 
information about the elemental composition of the residues. The re-
sults from the AFM measurements of the fluorescein free specimen are 
available in the supporting information (Figures S3 - S5).

4. Conclusions and outlook

It could be shown that static charges have a strong impact on the 
film formation behavior which means that the elimination of static 
charges are favoring a better and more reliable film formation. Also the 
influence of different additives in combination with different printing 
parameters were evaluated.

Without static elimination, the morphology of the residues was 
mostly particle-like and a mix between film-like and particle-like, in 
few occasions film-like specimen were obtained but not reliable ac-
cording to GIXRF measurements. The best results without eliminating 
static charges on the sample carrier were achieved using isopropanol 
with a 0.5 s quiet time and 1 droplet per position or Triton X-100 and 
1 droplet per position. For Triton X-100, 0.3 s and 0.5 s quiet times 
were tested, whereas only the experiment using 0.5 s is shown (sample 
No. 15). However, these conditions did not always reproduce film-like 
specimen.

After eliminating static charges present on the quartz glass sample 
carriers, it was possible to create a standard procedure for producing 
film-like behavior reliably. The most promising results were gained 
using Triton X-100 as an additive (≈0.00067% (w/v)) in combination 
with eliminating static charges. It is possible to print residues with 
film morphology using quiet times of 0.3 s, and 0.5 s. Even printing 
three droplets on top of each other was providing film-like specimens. 
Quiet times of 1 s using Triton X-100 lead to a film-like specimen 
(D-type) and a B-type specimen. As mentioned before it is assumed 
that the quiet time mainly influences the delivered mass per droplet. 
The masses in sample No. 25 and 26 are quite low with 2.04 pg 
per deposit, so the longer standing time may also have an additional 
unknown effect. Isopropanol used as an additive is also leading to film-
like morphologies by applying one droplet per position and a nearly 
film-like morphology by multiple printing. Using no additive is leading 
to no reliable results.
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According to the tested parameters, Triton X-100 was found to be 
working most reliably in combination with the static eliminator. The 
now optimized standard procedure is leading to an improvement in 
film formation with reproducible results. Even GIXRF measurements 
with higher organic amounts (mass of fluorescein approx. factor 200 
higher than mass of Ni) are showing a film-like character. However, 
the visualization of the residues using Ni and fluorescein cannot be 
extrapolated to the Ni films for residue shape estimation due to the 
high dominating mass of the coloring agent.

More investigations need to be done characterizing the shape of 
the specimen with techniques which can also visualize the element 
distribution on the sample carrier. In this way the sample residues can 
be clearly identified.
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