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ABSTRACT:The composition and thickness of thinfilms determine their physical properties, making the ability to measure
the number of atoms of different elements infilms both technologically and scientifically important. For thinfilms, below a
certain thickness, the X-rayfluorescence intensity of an element is proportional to the number of atoms. Converting this
intensity to the number of atoms per unit area is challenging due to experimental geometries and other correction factors.
Hence, the ratio of intensities is more commonly used to determine the composition in terms of element ratios using standards
or a model. Here, the number of atoms per unit area was determined using X-ray structure information for over 20 different
crystallographically aligned samples with integral unit cell thicknesses. The proportionality constant between intensity and the
number of atoms per unit area was determined from linearfits of the background subtracted X-rayfluorescence intensity plotted
versus the calculated number of atoms per unit area for each element. The results demonstrate that X-rayfluorescence is very
sensitive, capable of measuring changes in the number of atoms of less than 1% of a monolayer for some elements in a variety of
sample matrices. Using the calibrated values, an 8 unit cell thick MoSe2was grown and characterized, demonstrating the
usefulness of the ablity to quantify the number of atoms per unit area in afilm.

The discovery that isolated two-dimensional layers have
extraordinary properties that are not found in their bulk

counterparts has resulted in intense experimental and
theoretical interest in these materials.1−12A distinct challenge
toward the future use of these materials in new technologies is
developing techniques to grow single layers of various 2D
solids over large areas. While a variety of techniques have been
explored to prepare monolayers, chemical vapor deposition
involving a volatile metal source has become increasingly
popular.13−26Typically,“about a monolayer”of a metal is
deposited on a surface and treated at high temperatures with a
second reagent to form domains of the desired monolayer on
substrates.27−29Since the deposited metal species is typically
not volatile, once the precursor has reacted on the surface, time
is the parameter that is tuned to achieve a monolayer
of coverage. This type of monolayer synthesis creates an
analytical need to quickly measure fractional monolayer
amounts of elements on a substrate, ideally without significant
sample preparation.

More generally, measuring the number of atoms per unit
area of each element in a thinfilm is a challenging analytical
problem and critically important in many situations. Physical
properties depend on both composition and thickness of
constituent layers in devices, and the properties of compound
films are a sensitive function of composition. A variety of
approaches have been used to determine composition,
including Rutherford backscattering, electron probe micro-
analysis, particle-induced X-ray emission, X-ray photoelectron
spectroscopy, time-of-flight secondary ion mass spectrometry,
and a variety of electron microscopy techniques.27−30Most of
these techniques involve expensive instrumentation, and
several also require significant sample preparation. Sensitivity
and converting the signal to the number of atoms of each
element per unit area can also be very challenging, particularly
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if the signal is sensitive to the matrix. Typically, only a
composition ratio is determined, as taking the ratio of two
different elements eliminates several difficult to determine
proportionality factors that depend on geometry, other
instrument dependent factors, and the sample itself.
X-rayfluorescence (XRF) is a metrology method that can
determine both composition and thickness of thinfilms and
has several advantages. While it requires absorption correc-
tions (via standards with similar matrices or modeling) and
the usre of standards to obtain instrument parameters, it is
quick and precise. Early work on the XRF analysis of thinfilms
focused on using a variety of different methods to correct for
absorption effects in the thinfilm geometry.31,32This led to the
development of XRF as a tool to characterize relatively simple
multilayerfilms in the advance of materials for a variety of
applications, including memory devices and optical record-
ing.33,34More recent reports have shown that XRF is also a
useful approach to characterize patterned thinfilms, with
intensity differences before and after patterning proportional to
the amount of material removed during the patterning
process.35While a significant challenge has been to accurately
correct the XRF data for absorption effects, there is at least one
report where XRF using wavelength-dispersive X-ray detection
was used to examinefilms that are thin enough that absorption
could be ignored.36This study showed that a resolvable
composition difference of 0.025 atomic percent could be
obtained with relatively short counting times in a series of
chalcopyrite solar cells.
In this paper, we present data showing that XRF intensity is
proportional to the number of atoms per unit area in ultrathin
films and the intensity is relatively insensitive to the matrix.
The number of atoms per unit area for a subset of
exceptionally smoothfilms was calculated using data from a
combination of X-ray reflectivity, specular diffraction, and in-
plane diffraction scans. Calculating the proportionality
constant between XRF intensity and the number of atoms
per unit area simply requires division of the measured XRF
intensity by the calculated number of atoms per unit area. The
proportionality constant in over 20 samples with a range of
thicknesses is consistent for the elements examined, indicating
this is a valid approach. Once the proportionality constant is
known for an element, preparingfilms of known compounds
with defined atomic ratios between the previously studied
element and other elements enables the determination of the
proportionality constant for previously unstudied elements
without the need for exceptionally smooth films. The
consistency of results forfilms containing a wide range of
different matrix constituents makes this a simple, relatively
inexpensive, nondestructive, and fast method to measure the
number of atoms in an ultrathinfilm. This study demonstrates
that XRF is capable of detecting changes in the amounts of an
element equivalent to a fraction of a monolayer for all elements
examined and less than 1% of a monolayer for some elements.
Forfilms with thicknesses around a monolayer, the XRF
intensity of the substrate before thefilm is deposited needs to
be subtracted from the total signal of thefilm plus substrate to
achieve this accuracy.

■EXPERIMENTAL SECTION
Precursors were synthesized in a high-vacuum physical vapor
deposition system, with depositions occurring at pressures
below 5×10−7Torr. Metals were deposited using electron
beam guns, and selenium was deposited using an effusion cell.

A computer controlled pneumatic shutter system was used to
control the sequence and thickness of the elemental layers.37,38

The rate of deposition and the thickness of each of the
elemental layers deposited were measured and controlled using
quartz crystal microbalances, with rates maintained at 0.1−0.3
Å/s at the substrate.
X-rayfluorescence data was collected using a Rigaku ZSX
Primus II wavelength dispersive X-rayfluorescence spectrom-
eter with a rhodium X-ray source. This instrument measures
intensities of characteristic X-ray emission lines as a function of
crystal angle. Samples were loaded onto a small metal puck
with a 30 mm, 20 mm, or 10 mm diameter masking-frame.
Incident X-rays were passed through either a 10 mm or 20 mm
diaphragm before contacting the spinning sample in a vacuum.
Fluoresced X-rays were reflected offselected crystals into a
detector. Intensity was measured by integrating the area under
the entire peak measured in intensity as a function of two-theta
using MATLAB’s cubic smoothing spline function (csaps) with
the smoothing parameter set to zero smoothing (function
value 1). The two-theta limits of integration were held
constant. Data were also collected for substrates without any
depositedfilm, referred to as blanks. The intensity data
measured for the blanks was treated in the same manner as the
deposited samples. The resulting integrated counts were
subtracted from the integrated intensity of the coated
substrates to correct for the background signal and any signal
from the substrate itself.
X-ray diffraction (XRD) was used to characterize the
structure of the samples that were subsequently analyzed by
XRF. Low angle and specular XRD scans were collected using
a Bruker d8-discover diffractometer. Grazing incidence in-
plane XRD scans were collected on a Rigaku Smartlab
diffractometer. All diffraction patterns were collected with Cu
Kαradiation.

■RESULTS AND DISCUSSION
The intensity of the XRF signalIijfor a particular elementiof
interest in afilm with a characteristic linejat wavelengthλijis
given by36,39

I K C d()/ ( ) 1 exp ( )ij j i ij T ijs T
λ μ λ  μ λρ={ }{ − [− ]} (1)

Ineq 1,Ciis the mass fraction of elementiin thefilm,ρis the
averagefilm density,dis thefilm thickness, andμT(λij) is the
total mass absorption coefficient atλij.Kj(λs) is a product of
many constants, including a constant representing the
spectrometer geometry, the intensity of the excitation X-ray
source, and the excitation probability for the characteristic line
junder the spectrum of intensities of the excitation source. If
the thickness of the analyzedfilm is thin enough,μT(λij)ρd
becomes small, and forfilms within this thickness regime
(defined in more detail later), the exponential can be expanded
as a power series. If only the leading terms are kept,eq 1
simplifies to

I CK d()ij i j sλρ= (2)

For such thinfilms the intensity of the XRF signal is thus
expected to be directly proportional to the product ofCi,ρ,
andd, which is the number of atoms of elementiin the area of
thefilm probed. The deviation betweeneq 1andeq 2as a
function offilm thickness for a representativefilm is shown in
Figure A in theSupporting Information.
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To test the applicability of this approximation, a series of
films with thicknesses below 120 nm containing a variety of
elements with different elemental ratios were prepared using
physical vapor deposition. Quartz crystal microbalances were
used to measure the amount of material deposited onto the
silicon substrates.Figure 1a,b and Figure B in theSupporting

Informationeach contain a graph of the background corrected
intensity of the XRF signal as a function of the thickness of
each element deposited. The intensity data for each element
was found to be proportional to the amount of the element in
thefilm. The linear relationship between intensity and amount
of material indicates that the absorption of both the incident
andfluorescence X-rays is negligible in thesefilms. The greater
the slope of the line, the more sensitivity there is to small
changes in the amount of the element in thefilm.Table 1
summarizes the slopes and associated errors as well as the X-
ray absorption line used for all of elements that were studied.
Figure C in theSupporting Informationexplains how each line
was chosen for each element in question.

The spread of the data points about the linear relationship in
Figure 1results from several potential sources, including the
limits of the reproducibility of the deposition process itself (for
example the shape of the deposition plumes), limits to
resolution of the quartz crystal monitors, and limits to the
reproducibility of the XRF measurements. To assess the
reproducibility of the XRF measurements, the XRF intensity of
the same sample was measured repeatedly over a time period
of 6 months, using a variety of sample masks of nominally the
same size that define the sample size analyzed. The intensities
for most elements studied were constant to less than a third of
a percent. This suggests that the majority of the deviation in
the plotted intensity versus amount deposited plots is due to
errors in the amount of material deposited from either the
crystal monitors or the deposition process itself.
The sensitivity of the XRF intensity to the amount of
material deposited makes it a valuable tool to improve
deposition reproducibility. For example, the amount of Se
deposited on a sample was found to systematically increase
with time when high melting point metals were evaporated in
the same deposition even though the thicknesses deposited
onto the quartz crystal microbalance was kept constant. The
excess Se resulted from Se evaporating from chamber walls as
they were heated by infrared radiation from the electron beam
deposition. The sensitivity of the XRF data combined with
tracking the data as a function of time and experimental
conditions is a powerful tool to improve deposition processes.
The approximation that μT(λi)ρdis small neglects
absorption corrections to the measuredfluorescence intensity.
WhenμT(λi)ρd= 0.1, the difference between the intensities
calculated with and without absorption corrections yields an
error of∼5%. Absorption corrections become more important
as the energy of the X-rayfluorescence line decreases as shown
in Figures D, E, and F in the Supporting Information.40,41

Table 1contains estimates of the thickness where the error in
neglecting absorption becomes 5%, assuming afilm with a total
mass absorption coefficient of∼103cm2/g and a density of
∼10 g/cm3. For most elements, this corresponds to afilm that
is more than 100 nm thick. While the exact thickness depends
on the element being probed, the mass absorption coefficient
of the matrix, and the density of thefilm, the approximation
thatμT(λi)ρdis small is a conservative approximation for
thicknesses less than 50 nm for most elements. Films below
this thickness are common in many research projects and in
many devices prepared by sequential deposition of layers. The
Supporting Informationcontains calculations of the thickness
value when the calculated intensity of the given material using

Figure 1.Change in the XRF intensity as a function of the thickness
of material deposited as measured by quartz crystal monitors for a
variety of different elements (shown with different colors and
symbols). The error in the amount of material deposited for each
element is shown for a single data point, and when error bars are
absent the error is the size of the marker. The lines arefits assuming
that the XRF intensity is directly proportional to the amount of
material deposited. Slopes for each line can be found inTable 1.

Table 1. Slopes of the Lines inFigure 1for Each Element
along with the Fluorescence Line Useda

element line used slope maximumfilm thickness (nm)

Ag Lα 0.00024(1) 150

Bi Lα 0.00477(9) 1300

Mo Lα 0.03019(9) 100

Nb Lα 0.00653(6) 100

Pb Mα 0.00592(4) 100

Se Lα 0.00319(3) 50

Sn Lα 0.00231(1) 200

Ti Kα 0.00171(3) 200

V Kα 0.000337(5) 250
aThe maximumfilm thickness is the thickness where absorption
reduces the intensity offluorescence of the given element by 5%.
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eq 2is 5% higher than the intensity calculated foreq 1for
samples containing Bi, Pb, or Se in their matrix using Kα,Lα,
and Mαlines.
While quantifying the relative amount of an element in afilm
is valuable when monitoring a process, determining the
number of atoms per unit area is significantly more valuable
in many research applications. Unfortunately,K(λs)isa
product of many constants that are difficult to quantify or
calculate, and both the averagefilm density and thickness are
generally difficult to experimentally determine. Our approach
to quantifying the amount of material in afilm per unit area is
to synthesize standards where the number of atoms of each
element per unit area can be calculated from diffraction data.
Figure 2contains representative X-ray reflectivity (XRR),
specular XRD, and in-plane XRD scans of one of thesefilms, a
sample of [(PbSe)1.12]1[NbSe2]1. The Kiessig fringes in the
XRR scan provide a measure of the smoothness of thefilm and
allow the total thickness and the total number of repeats of the
film to be calculated. The number of repeat units in thefilm is
equal to the number of Kiessig fringes plus 2. The specular
diffraction scan shows that thefilm is crystallographically
aligned with the substrate and enables thec-axis lattice
parameter to be determined. The value of thec-lattice
parameter informs on how many of each layer type are in
the repeat unit. The total thickness of thefilm divided by thec-
axis lattice parameter yields an integer, indicating that all of the
film thickness comes from the crystalline material. Assuming
there are no impurity phases present that are not evident in the
diffraction scans, for example, an amorphous phase, the
number of atoms of each element per unit area can be
calulcated from the product of the number of crystallo-
graphically aligned unit cells obtained from the specular
diffraction information and the number of atoms per unit cell
from the structure solution divided by the area per unit cell
obtained from the in-plane lattice parameters.
As an example, using the data inFigure 2, the formula to
calculate atoms per unit area is given by

Total
atoms

Å

of atoms per unit cell in basal plane

area of the basal plane per unit cell
(of layers)

2

Constituent Layers

i

k

jjjjj

y

{

zzzzz∑=
#

#

(3)

InFigure 2, the XRR pattern of [(PbSe)1.12]1[NbSe2]1has 20
Kiessig fringes present between the critical angle and thefirst
Bragg reflection, indicating that there are 22 repeat units of the
[(PbSe)1.12]1[NbSe2]1structure in thefilm. The total thickness
of thefilm is obtained from the spacing between the Kiessig
fringes. The specular diffraction pattern shown in theFigure
2b yields ac-axis lattice parameter of 12.39(2) Å which
matches the targeted c-axis lattice parameter for a
[(PbSe)1.12]1[NbSe2]1 heterostructure.

42Dividing the total
thickness by thec-axis lattice parameter yields the number of
repeating layers in thefilm, which in this case is 22, agreeing
with the number of layers determined from the number of
Kiessig fringes. Since the repeating unit contains one layer of
PbSe and one layer of NbSe2, the number of layers ineq 3is 22
for both constituents.
In-plane XRD is used to determine the number of atoms and
the area of the basal planes in each unit cell. All the reflections
in the in-plane diffraction pattern (Figure 2c) can be indexed
ashk0reflections for PbSe and NbSe2, consistent with the
formation of a [(PbSe)1.12]1[NbSe2]1heterostructure.

42The

indices are consistent with a rectangular basal plane for PbSe
(distorted rock-salt structure) and a hexagonal basal plane for
NbSe2. The number of atoms per unit cell in the basal plane
follow from the crystal structure of each constituent (4 Pb and
4 Se for PbSe and 1 Nb and 2 Se for NbSe2). The indexed
patterns are then used to calculate thea-lattice andb-lattice

Figure 2.Three different diffraction scans of a [(PbSe)1+δ]1[NbSe2]1
film. (a) XRR scan. (b) Specular XRD scan. (c) Grazing incidence in-
plane XRD scan. The crystallographic indices are given above each
reflection and were used to determine the totalfilm thickness from
(a), thec-axis unit cell parameter from (b), and the in-plane unit cell
parameters from (c).
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parameters for the PbSe constituent (6.06 and 6.14 Å,
respectively) and thea-lattice parameter for the NbSe2
constituent (3.47 Å). The resulting basal plane areas for each
constituent, assuming that they are stoichiometric, are 12.5 Å2

for PbSe and 9.47 Å2for NbSe2. Using this information, we
calculate that the [(PbSe)1.12]1[NbSe2]1film contains 2.37 Pb
atoms/Å2, 2.11 Nb atoms/Å2and 6.58 Se atoms/Å2.
Figure 3shows the XRF intensity for a number of different
elements versus the calculated number of atoms of each
element in a series offilms containing a variety of different rock
salt structured constituents and transition metal dichalcoge-
nides that have diffraction data similar to that displayed in
Figure 2. The data for each element is well described by

straight lines through the origin, where the slopes provide the
conversion factor between intensity and atoms per unit area.
TheSupporting Informationcontains data for other elements
(Figure G), reinforcing that this is a reasonable approach to
obtain the proportionality constant between the XRF intensity
and number of atoms in the analytical volume. The largest
error in this approach is the assumption that thefilms do not
contain either significant defect densities or amorphous phases
that are not evident in the diffraction scans. The observed
linear behavior forfilms containing a variety of different
constituents suggests that the approximation is valid, and using
the slope averages this error over many samples. The graph for
selenium (Figure 4) has the largest deviations. We believe

points above the line are the result of small amounts of
amorphous Se in grain boundaries, inclusions, and on the
surface of thefilms, which could be removed by additional
annealing time. Points below the line are likely the result of Se
loss due to annealing the samples for too long in an open
system. The ability to accurately and nondestructively measure
Se content will aid researchers in adjusting the annealing
temperatures and times to obtain stoichiometric Se content.
Once the conversion factor is known for a particular
element, the conversion factor for other elements can be
determined by measuring XRF intensities of stoichiometric
compounds that contain elements with known and unknown
conversion factors. For example, to obtain the conversion
factor for Se, XRF measurements on thinfilms with
stoichiometric SnSe2can be used. The conversion factor of
Se is then determined using the XRF intensities of Sn and Se,
the known conversion factor of Sn (Figure 3), and the
stoichiometry of the crystal.Figure 4illustrates this process for
three SnSe2and two TiSe2films, where the validity of this
approach is confirmed by the consistency of the calculated
conversion factor with that determined from crystal structure
information as presented inFigure 3for other elements.
While the number of atoms per unit area in a thinfilm via
XRF can be determined with less than 1% error, the error
increases as the amount of an element approaches zero, so

Figure 3.Graphs of the XRF intensity versus the number of atoms per
unit area of several elements calculated from diffraction information
such as that shown inFigure 2for a number of differentfilms.

Figure 4.XRF intensity versus the total number of Se atoms per unit
area determined from diffraction information (black), fromfilms of
SnSe2(red), and fromfilms of TiSe2(blue). For the SnSe2and TiSe2
films, the information inFigure 3was used to determine the number
of cation atoms in thesefilms from the measured Sn and Ti XRF
intensities. These values were then used to calculate the number of Se
atoms in each of thefilms.
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subtracting the background signal becomes more significant.
Figure 5shows the signal from the Sn Lαemission line for a

silicon substrate and the substrate with 0.11 atoms of Sn/Å2

(∼140% of the amount of Sn in a single layer of SnSe2)). The
background intensity constitutes roughly 20% of the total
intensity under the Sn Lαbackground intensity correctly. For
Snfilms deposited on silicon substrates under these data
collection times and conditions (less than an hour total scan
time for bothfilm and blank substrate), the error of the net
intensity measurements in our instruments indicates that
changes of less than 1% of a monolayerfilm of SnSe2can be
detected. The sensitivity of detecting small changes of an
element depends on the change in intensity of the XRF signal
for that element, which is proportional to the slope of the lines
inFigure 1, and on the specificdiffracting crystals and
detectors used. For example, the intensity of the Pb emission
from the Mαline is about 10 times more intense per atom than
the intensity of the Ti emission from the Kαline in our
instrument. Therefore, we can detect smaller changes in Pb
atoms/Å2than Ti atoms/Å2. Sensitivities for several elements
based on the data collected in this study are given inTable 2.

For ultrathinfilms (a monolayer or less), the ability to
subtract the background intensity accurately and reproducibly
is obviously critical, making the choice of the emission line an
important factor. Figure C in theSupporting Information
illustrates this point, showing the measured intensity of a Pb-
containing sample and its blank substrate for three different
emission lines, the Lα, the Lβ1, and the Mα. While the signal
intensity is largest for the Lαemission line, the low and

constant intensity measured on the blank substrate for the Mα
line makes it the preferred emission line.
The ability to quickly measure the number of atoms per unit
area of each element in afilm enablesfilms to be prepared with
a precise number of unit cells such as that shown inFigure 2.
To demonstrate this, we used afilm with eight elemental Mo
and Se layers that were sequentially deposited onto a room
temperature silicon substrate, with each pair containing the
appropriate amount of these elements per unit area to form a
single crystalline MoSe2layer. After annealing at 650°C, a
variety of diffraction and reflectivity scans were collected. The
XRR scan inFigure 6is that expected for afilm containing 8

identical layers, with a thickness consistent with 8 MoSe2
trilayers. The high angle annular darkfield scanning trans-

mission electron microscopy (HAADF-STEM) cross-section

image of this sample, also shown inFigure 6, is consistent with

the XRR scan. The specular diffraction pattern contains only

four broad 00lreflections, indicating that the MoSe2 is

crystallographically aligned with the substrate yielding ac-axis

lattice parameter of 6.53(1) Å, consistent with the literature

value of 6.46 Å.43The in-plane diffraction pattern contains

onlyhk0reflections, from which ana-axis lattice parameter of

3.27(3) Å was calculated. This is in good agreement with that

previously reported for MoSe2(3.31 Å).
43

■CONCLUSION
XRF is a sensitive and precise probe of the number of atoms

per unit area of select elements in thinfilm samples. Iffilms are

thin enough, absorption corrections can be ignored, and the

matrix has minimal impact on fluorescence intensity. The

proportionality factor between intensity and the number of

atoms of each element per unit area was determined using

diffraction data from smooth, crystallographically aligned thin

films that are an integral number of unit cells in thickness. The

sensitivity of this approach enables less than 1% of a monolayer

to be quantified.

Figure 5.Sn−Lαemission intensity from afilm with 0.11 Sn/Å2and
the blank Si substrate before deposition of Sn.

Table 2. Sensitivity of the XRF Measurement for a Series of
Elements as a Percent of a Monolayer of the Compound in
Parentheses

element sensitivity

Sn (SnSe) >1%

Pb (PbSe) >1%

Nb (NbSe2) >1%

Mo (MoSe2) 2%

V (VSe2) 7%

Ti (TiSe2) 10%

Figure 6.Measured and calculated XRR patterns of an 8-layer MoSe2
film showing the application of this XRF method to preparefilms
containing afinite number of layers. The inset HAADF-STEM image
shows further evidence of the formation of 8 MoSe2layers.
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