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A rapid and accurate total-reflection XRF method was developed in order to determine the absolute stoichiometry
of ternary compounds of the type Cu:In:Se. The method was used to determine the composition of the
synthesised compounds Cu,In,Se.(CIS). Three compounds were synthesised with different atomic proportions
x:y:z; 1:3:5,2:4:7 and the no stoichiometric phase 1:2.5:4.75. The results obtained showed a systematic
deficiency of In and an increment of Se with respect to the stoichiometric formula.

Introduction

CulnSe, and related chalcopyrites have proved their suitability
for use in high efficiency photovoltaic devices.! Several
authors>— have reported that deviation from ideal stoichiometry
in this material produces secondary phases that segregate at the
surface of the thin films. These phases have been identified as
Culn,Ses 5 and CulnsSes in In-rich thin films. It is now believed
that Culns;Ses plays a useful role5 in the operation and
optimisation of CulnSe,-based solar cell devices. Since Culn-
Se, and CulnsSes layers show good p- and n-type conduction, a
p-n junction can be formed at the interface between them. Thus,
CulnsSes has attracted much interest as a key compound for
high conversion efficiency solar cells. However, the growth of
Culn;Ses single crystals with a controlled stoichiometry is
difficult due to the wide range of compositions in the Cu,Se—
In,Se; pseudo-binary system. Hence, an accurate control of
composition is mandatory.

Total-reflection X-ray fluorescence (TXRF) is a widely
accepted technique. Prange® and Tolg and R. Klockenkdmper’
have reported the general characteristics of the technique, its
potential applications, as well as a comparison of TXRF in
relation to other contemporary analytical techniques. In pre-
vious work, Fernandez-Ruiz et al.® showed that the direct
analysis of solid samples by TXRF without chemical manipula-
tion is a powerful technique. This technique can be applied to
study the mass relationships in Cu: In: Se matrices. In this paper
a rapid and accurate method involving the analysis of solid
samples by TXRF to determine the absolute stoichiometry of
ternary compounds of the type Cu:In:Se is described.

The stoichiometric composition of the compounds should be
considered in principle as Cu,In,Se.. Our objective was to
evaluate the atomic substitutions x = 1 or 2, y and z, in order to
explain the physical and chemical properties of these materials.
For this study, we only need to know the mass relationship
among the constituent elements. TXRF allows one to quantify
these relationships readily, obtaining RSDs around 2% for In
and 4% for Cu.

DOI: 10.1039/b104466b

Experimental
Instrumentation

The analysis by TXRF was performed using a Seifert EXTRA-
II spectrometer (Rich Seifer, Ahrensburg, Germany), equipped
with two X-ray fine focus lines, with anodes of Mo and W, and
a Si(Li) detector with an active area of 80 mm? and a resolution
of 157 eV at 5.9 keV (Mn K,). Quasi-elastic light scattering
spectroscopy (QELS) was used for the determination of the
particle size distribution in suspensions of the analysed samples.
The QELS system used was the AutoSizer Ilc (Malvern
Instruments, Malvern, Worcestershire, UK), equipped with a 5
mW He—Ne laser, a photomultiplier and a processing electronic
system controlled by the Malvern AutoSizer computer pack-
age.

To carry out the analysis, a source of Mo X-rays was used.
The X-ray beam was filtered with a 50 um Mo film. The
samples were analysed in the range 0—20 keV. The relationships
between the atomic efficiency factors were suitable for the
analysis. In order to obtain a count rate of about 5000 counts
s—1lin all the measurements a 50 kV potential and a variable
intensity between 5 and 25 mA was used as excitation
conditions.

Detection limits

The detection limits (DL) associated with the evaluated
elements, Cu, In and Se, were calculated according to Prange®

using,
3M |B
bL-T g

where M is the evaluated element mass, A and B are the areas of
the peak and background associated with each element,
respectively, and 7 is the acquisition time, according to the
IUPAC definition.
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For the experimental determination of the detection limits,
ICP-AAS single element patterns of well-known concentration
(Merck, Darmstadt, Germany) were used. A 20 X 10—° g
amount of one element was deposited on a carrier sample and its
spectrum was acquired for 1000 s with a dead time of 30% . The
detection limits obtained were as follows, DL, = 0.5 X
10—12g, DLy, = 8 X 10~!2 g and DLg. = 0.5 X 10712 g.

Efficiency calibration curve

Samples were ground to particle sizes under 10 um, in order to
make it unnecessary® for matrix correction in TXRF. On the
other hand, it is necessary to know the efficiency calibration
curve associated with the experimental system, to quantify a
problem sample. The efficiency calibration curve, i.e., relative
fluorescence intensity vs. atomic number, is one of the most
important and critical aspects to obtain a correct quantification
by TXRF. The efficiency calibration curve, once established,
stays invariable, provided that no geometric element of the
system is modified. To accomplish the sensitivity calibration of
the elements Cu, Se and In, (Z = 29, 34 and 49), ICP-AAS
single element patterns of well-known concentration (Merck)
were used, with the following certified concentrations, C(Cu) =
1006 £2mg L1, C(Se) = 1010+ 10 mg L—! and C(In) = 994
+ 2 mg L—1. As reference element Co was used, concentration
C(Co) = 997 £ 2 mg L—1. One millilitre of each standard was
taken and diluted with 100 mL of 5% v/v aqueous nitric acid
(ultrapure water, Milli-Q, 18.2 M), to stabilize the ions. The
obtained concentrations of each element were C(Cu) = 10.06 £
0.03mg L=, C(Se) = 10.1 £0.1 mg L—1, C(In) = 9.94 £ 0.03
mg L—! and C(Co) = 9.97 £ 0.03 mg L—!. Five aliquots of 2 X
10—6 L of the solutions were deposited on five carrier samples.
The solvent was evaporated on a ceramic plate at 50 °C in a
Class A-100 laminar flow chamber. The five preparations were
analysed in the 0-20 keV energy region, with an acquisition
time of 1000 s and a dead time of 30%. Fig. 1 represents one of
the spectra obtained from the standards used.

The deconvolution and integration of the observed lines was
accomplished with the computer package AN-1000 (Oxford
Instruments, High Wycombe, Buckinghamshire, UK). The
following transitions were evaluated: K lines of Co, K lines of
Cu, K lines of Se and L lines of In. For the calculation of the
sensitivity factors, eqn. (2) was applied, where & is the atomic
efficiency factor, C is the concentration of each element and A
is the integrated area
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Fig.1 Spectra obtained for the multi-pattern of Cu, Se, In and Co used in
the sensitivity calibration.
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The value of the efficiency factor of Co (&c,) was set to 1.00.
The concentrations of the evaluated elements (Cy) were those
obtained previously. Table 1 shows the sensitivity factors and
the standard deviations (n = 5) obtained for each of the
elements.

Under these calibration conditions, Cu, Se and In were
determined in the problem samples.

Synthesis of Cu.In,Se, samples

The single crystals were grown by using Cu, In and Se of 5N
purity weighed in stoichiometric ratios. The mixture was sealed
in an evacuated quartz tube. The sealed tube was placed in a
vertical furnace and the temperature was initially raised to
300 °C at a rate of 10 °C h—!1. The ampoule was kept at this
temperature for 12 h and then heated to 1150 °C at a rate of
50 °C h—!. The mixture was maintained at this temperature for
aperiod of 48 h. It was then cooled to room temperature at a rate
of 5 °C h—1. The ingot showed voids and porosity. Under these
conditions three samples were prepared with molar ratios of
1:3:5,2:4:7 and 1:2.5:2.75.

Preparation of Cu,In,Se, samples for TXRF analysis

First, 10 mg of sample were ground in an agate mortar to a
particle size of less than 30 wm. The sample was then ground
again for a further 20 min by using a vibration micro-pulveriser
(Fritsch, Oberstein, Germany), equipped with a ball and base
made of agate. Afterwards, 1 mL of high-purity water was
added. Next, the mixture was poured into a test-tube to which
high-purity water was added up to a volume of 2 mL. The
sample was homogenised for 10 min by ultrasonic de-
segregation in order to disperse possible agglomeration of
particles. Finally, the particle size distribution in the suspension
was checked by using QELS until it had the required
distribution, less than 10 wm? (Fig. 2).

When the sample had this size distribution, it was again
homogenised.

Table 1 Efficiency factors and standard deviations (n = 5) obtained for
each one of the elements studied

Element & s RSD (%)
Cu 1.46 0.06 4
In 0.091 0.002 2
Se 2.47 0.07 3
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1.00

Relative intensity

0.10 N N
0.10 1.00 10.00

Particle size/10-6 m

Fig. 2 QELS spectra obtained for the average particle size distribution in
the analysed samples.
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Table 2 Stoichiometric results and standard deviations (n = 5) obtained for the three materials analysed

Sample m(Cu) m(In) m(Se) Cu (at.-%) In (at.-%) Se (at.-%) x Cu yIn z Se
Culn;Ses 100.00 486.85 654.96 11.15 30.05 58.79 1.00 £ 0.04 2.69 +£0.05 527+02
Cu,IngSe, 100.00 309.06 453.03 15.73 26.91 57.36 2.00 £ 0.08 3.42 +0.07 729+£0.2
Culn,sSes 75 100.00 483.40 676.71 10.96 29.33 59.71 1.00 £ 0.04 2.68 £ 0.05 545+£0.2
Conclusion
-t Cul oo(4)ln2 mts)ses 3@ i
750004 | —.—Cu In _ Se il .
o e The developed TXRF methodology allows one to quantify the
> 100 280 54D i Cu, In and Se stoichiometry in CIS-related compounds with
Z 00004 high precision. A standard deviation in the stoichiometric
£ coefficients between 0.04 for Cu and 0.2 for Se was achieved.
§ J The method requires very small amounts of sample; a few
€ 25000 milligrams are sufficient to obtain a repeatability between 2 and
& 58 4%. The method does not require any chemical manipulation.
A The simplicity, rapidity (30 min per sample) and low cost of the
4 analysis make TXRF a suitable technique for monitoring the

Energy/keV

Fig. 3 Comparative spectra of the three CIS materials evaluated.

Results
Analysis of Cu,In,Se, stoichiometry

After preparation of the samples, 5 uL of the suspensions were
taken and placed on a flat carrier and the water was evaporated
under vacuum. The following XRF transitions were evaluated:
Cu K, In L and Se K. The Cu K line was used as reference with
a value of 100 relative mass units. The Cu K line was chosen as
reference due to its high definition in the spectrum and the
absence of interferences from other signals. Fig. 3 shows the
comparative spectra of the three CIS materials analysed.

Table 2 shows the results obtained in the analysis considering
the m-values (n = 5) for the Cu, In and Se mass ratios.

By normalising the stoichiometric coefficients with respect to
Cu, we can clearly see the systematic increments of Se in all the
analysed samples and the deficiency of In in the Culn;Ses and
Cu,InsSe; samples with respect to the theoretical stoichiometry
of the synthesised Cu:In:Se compounds. The synthesised
compound Culn; 5Se, 75 presents the same experimental chem-
ical composition as the composition detected in the compound
CUIH3SC5.

stoichiometric coefficients in this type of compound.
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