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ABSTRACT

Phase transformations of copper indium alloy thin films are analyzed by hot stage X-ray
diffraction over the temperature range from 30°C to 425°C in controlled ambient. Thin
films of Cu/In with a molar ratio of approximately 0.9 were used. In situ experiments
were carried out in a reducing hydrogen atmosphere to minimize oxide formation. The as-
deposited Cu/In alloy transformed at 150°C to form Cuy;Ing. Ramping the temperature
to the upper limit of 425°C revealed an additional transformation at 350°C to form

Cugglno.



INTRODUCTION

Copper indium alloys have established technological importance in thin film solar
cell manufacturing and as solders for interconnections in the electronics industry. In solar
cells, they are used as precursors for the growth of CulnSe, films. Thin films of CulnSe,
and alloys with Ga and S have been fabricated on laboratory scale solar cells with
efficiencies over 18 %," thus providing a promising set of materials for high efficiency
solar cells for inexpensive electric power generation. The CulnSe, thin films used for
these high efficiency solar cells have been made by the reaction of Cu/In metal precursors
in a Se-containing atmosphere, selenization, or by multi-source elemental evaporation of
Cu, In and Se onto heated substrates at 400°C - 500°C. The challenge is to scale up the
laboratory cell processing to commercial-scale module manufacturing. For the
selenization process, this necessitates understanding the reaction kinetics and the role
Cu/In precursors play during selenization at the reaction temperatures.> Therefore, to
understand Cu/In film growth, the study of alloy phase transformations in thin films is
required at these reaction temperatures. Since Cu/In phase transitions appear to occur
rapidly, an effective means of capturing growth mechanisms is provided by high
temperature X-ray diffraction instrumentation designed to accommodate special reducing
or oxidizing atmospheres in the temperature interval 20°C - 1500°C. Other intermediate
species requiring days or weeks to equilibrate can be detected reliably by room
temperature XRD measurements where phases are routinely examined over time as a

complement to the more rigorous high temperature in situ XRD studies.>®



Among recent review articles, Subramanian and Laughlin® present the most
extensive assessment of Cu/In phase diagrams. According to their phase diagram, there
are two phases at the atomic composition of interest, 52.6% In and 47.4% Cu: liquid
indium with small amounts of dissolved copper and a copper indium alloy. The copper
indium alloy is designated as Cuy;Ing in the temperature range of 150°C -310°C and as
h/h¢phase at temperatures between 310°C - 440 °C. The h/h¢phase is not clearly
defined, and various researchers have proposed stoichiometric formulas of Cu,In, CusIn,
or Cu,.In.>>® Bolcovage et al.> reexamined several portions of the Cu/In phase diagram
and found that the phase Cuy;Ing was stable at low temperatures rather than decomposing
at 157°C. They also claim that h¢exists at temperatures between 305°C -389°C while h
exists at lower temperatures. The data used in these studies were taken from samples
allowed to equilibrate for long periods of time, which were then crushed; diffraction
patterns were obtained on powder specimens at room temperature.

Phase behavior of thin films of Cu/In alloys at 200°C were addressed by Albin, et
al.* They report the presence of Cuy;Ing, Culn and an “undetermined phase” by
comparing room temperature X-ray data with JCPDS (Joint Council for Powder
Diffraction Studies) card files. However, the samples in that study were not quenched
and were allowed to cool in an uncontrolled environment which might affect the results.
Various compositions of Cu/ln were studied, ranging from approximately 11% to 60% In.
The same phases were obtained, although the phase diagram®® indicates changes in this

composition range.



At room temperature and at the composition of interest, the phases present are
Cu, In, Culn and Culn, (Keppner phase).”® JCPDS card files are available for the
following Cu/In alloy species: Culn (35-1150), Cu,ln (42-1475) , Cuyln (42-1477), Cugln,
(42-1476), Cuq1lng (41-883), Cuyglng-A (26-523) and Cuyglng-A’ (26-522). Indexing of
Culn, was facilitated by the data of Keppner et al.® In most cases, the reported
d-spacings of these Cu/lIn species are very close to each other with most of the major
peaks overlapping. In the present study, performed at a single Cu/In composition,
crystalline phase transformations were determined in situ for Cu/In bilayers heated in a

manner similar to the actual solar cell fabrication.

EXPERIMENTAL

The copper-indium thin film samples were prepared the same way as required for
the fabrication of solar cells.? Cu-In layers were sputtered, at room temperature, from
elemental targets in a DC magnetron sputtering system onto 2.5 x 2.5 cm? Mo coated soda
lime glass substrate. The thickness of the molybdenum coating was 1500 nm.
Approximately 250 nm of copper was deposited on this layer followed by deposition of
615 nm of indium, to give a Cu:In molar ratio of about 0.9. The samples were then cut
into 1.5 x 2.5 cm? sections to fit the sample holder in the X-ray diffraction system.

X-ray diffraction patterns were acquired using automated theta-two theta X-ray
diffractometers®° equipped with a 500 cc reactor for in situ investigations of thin film
properties in the temperature interval of 20°C t01000°C. Data was acquired over the

2q range from 10 to 70 degrees, in steps of 0.03 degrees with counting times of 15 to 20



seconds using copper K-a radiation at 40 keV and 40 mA and spectrally purified using a
graphite monochromator.

Each sample was mounted on a slab of Inconel 600 measuring 2.5 x 2.5 x
0.238 cm, having a thermal well 0.159 cm in diameter and 0.127 cm deep, to accommodate
a Pt/PtRh13 thermocouple. The measurements were conducted in a controlled
environment with an automated temperature and gas flow protocol using a controlled
ramp and thermal increments of 25°C, and in a He-H, gas mixture. Before each scan, the
reactor was evacuated to approximately 10 mT overnight, followed by hydrogen back-fill,
and then gradual equilibration with helium until a steady state of 40% H, and 60% He
was reached. XRD patterns were taken at temperatures from 29°C to 425°C. For data
taken at the different temperatures, Mo was used as an internal standard for

determination of alloy inter-planar spacings.

RESULTS AND DISCUSSION

The diffraction data obtained in situ at different temperatures are presented in
Figure 1 as intensity in arbitrary units versus the Bragg angle (2g). The experimental data
were taken over the two theta range of 10-70 degrees; however, only the data over the
range 30°C - 54°C are presented in Figure 1 to enhance the range at which most of the
peaks were observed. The most intense peak in all the spectra is the Mo peak at 2q =
40.52 (d-spacing = 0.2225 nm) which was used as an internal standard. The peaks at 2q ~

34.8°, 37°, and 39.6° appearing in all spectra are instrumental, and only peaks with counts



greater than 5 were considered in the analysis. X-ray patterns made up by other peaks
were then compared with JCPDS card files for Cu/In alloys phase identification: Culn
(35-1150), Cu,In (42-1475) , Cugln (42-1477), Cugln, (42-1476), Cuy,Ing ( 41-883),
Cuyglng-A (26-523), Cuyglng-A’ (26-522) and Cuyln ( 42-1477).

At 29°C, the starting crystalline phases were Cu at 2q = 43.3 (d-spacing: 0.20869
nm), Culn at 2q = 34.5 and 38.5 (d-spacing: 0.2596 nm and 0.23305 nm) and the Keppner
phase,® Culn, at 2q = 33.3 (d-spacing: 0.26867 nm). These assignments are in agreement
with generally accepted observations reported in the literature.”® Figure 1a shows that as
the substrate is heated to 150°C, peaks prevalent at 29°C disappear and two new peaks
emerge at 2q = 41.23 (0.2188 nm) and 2q = 42.07 (0.2146 nm), indicating a phase
transition. Subsequent scans at 170°C and 200°C reveal no additional phase transitions,
which is in accord with the phase diagram.>® The experimental data at 200°C are given in
full detail in Table 1 where d-spacings and corresponding peak intensities are listed along
with the d-spacings and relative intensities of the various Cu/In alloys as reported in the
JCPDS database. According to the phase diagram,? in the temperature range of 153°C -
310°C, the copper indium alloy is Cuy;Ing. Our data are in agreement in that the spectra
obtained between 150°C to 200°C are the same and that all peaks matched the Cuy;1ng
peaks reported in the JCPDS data base. Table 1 also indicates matches with other Cu/In
alloy species. However, above the melting point of In, the equilibrium phases are liquid

In with dissolved Cu and solid Cu-In alloy. It is speculated that the system is near



equilibrium and based on phase rule, and the Cu-In alloy consists of a single phase which
is most likely CuyIng.

Table 2 and Figure 1b show that subsequent heating to 350°C results in another
phase transition as the peak at 2q = 41.23° disappears and the peak at 2q = 42.07° shifts
to 2q=41.94°. The onset of additional peaks at 2q = 30.59°, 2q = 35.46° and 2q =
39.68° are most likely due to the formation of In,0;. However, while the 2q = 30.59°
peak belongs exclusively to In,0s3, the other two peaks are also characteristic peaks of
various Cu/In alloys as shown in Table 2.

It is difficult to identify a single Cu/In alloy species in the temperature range of
350°C to 400°C. The phase diagram*® indicates a transition above 310°C, and
uncertainties are reported about the h/n¢ phase with proposed stoichiometric formulas of
Cus,lIn, CusIn, or CupIn.>>® The major peaks for the high temperature Cu/In phases are
very closely spaced with most major peaks overlapping. In the tables the possible Cu-In
crystalline phases are ordered according to increasing Cu/In molar ratio. As the
temperature increases above 310°C, the phase diagram indicates that the mole fraction of
the In-rich liquid phase relative to the solid Cu-In phase increases by more than a factor of
two, and the mole fraction of Cu in the solid phase increases. Thus, if the system remains
near equilibrium, the Cuy4Ing can be expected to transform to Cuyglng, the alloy with phase

with the next higher Cu/In molar ratio.



Figure 1c shows XRD patterns for temperatures from 375°C down to 150°C
where the Cuglng transforms back to the Cuy;Ing. This observation, more than any other,

convinces us that no other transformations occur between these temperatures.

CONCLUSION

X-ray diffraction data of reacted copper and indium films at a Cu/In ratio of 0.9 in
hydrogen, in the temperature interval 30°C to 425°C, are presented. The data indicate
two prominent transitions within the limits of temperature: first, CuyIng is formed at
around 150°C and remains stable at that temperature over the data collection cycle of 1
hour; and second, the next transition occurs at 310°C and produces an apparently stable
phase of Cu,glng, which is consistent with the phase diagram. These results provide a
foundation for analyzing the reaction kinetics of formation of CulnSe, films used for solar

cells, which were grown by the selenization process.
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FIGURE CAPTION

Figure 1. X-ray diffraction scans: a) 29°C - 200°C; b) 200°C - 400°C; c¢) 375°C - 150°C.

TABLE CAPTIONS

Table 1. X-ray diffraction data at 200°C: Numbers in ( ) are the relative intensity of the
XRD peaks.

Table 2. X-ray diffraction data at 350°C: Numbers in ( ) are the relative intensity of the

XRD peaks.
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Table 1. X-ray diffraction data at 200°C.

Experimenta| JCPDS Card Files
2q d | CU11|n9 Culelng-A Culelng-A’ CUzln CU9|n4
L22]* | [ [L.77]* [2.0]* [2.25]*
&) A) 41-0883 | 26-0523 | 26-0522 | 42-1475 | 42-1476
(Cts)
29.26 3.0507 12 3.052 3.05 3.03 3.0347 3.0355
(80) (70) (100) (50) (75)
32.78 2.7304 8 2.716
(80)
41.23 2.1882 35 2.177 2.184 2.186
(100) (75) (80)
42.07 2.1464 46 2.145 2.140 2.155 2.1416 2.1435
(100) (100) (80) (100) (100)
42.42 2.1299 11 2.136 2.139
(100) (80)
45.04 2.0118 7 2.047 2.046
(10) (100)
* Cu/ln ratio of the alloy
Table 2. X-ray diffraction data at 350°C.
Experimental JCPDS Card Files
2q D | CU11|ng Culelng-A Culelng-A, CUzln CUg|n4 |nzo3
[1.22]* [L77]* [L.77]* [2.0]* [2.25]*
(A) 41-0883 26-0523 26-0522 42-1475 42-1476 06-0416
(A) (Cts)
29.31 3.04498 11 3.052 3.05 3.03 3.0347 3.0355
(80) (70) (100) (50) (75)
30.59 2.9206 12 2.921
(100)
35.46 2.5303 14 2.530 2.529
(40) (30)
41.94 2.153 68 2.145 2.140 2.155 2.1416 2.1435
(100) (100) (80) (100) (100)
51.05 1.788 6 1.788 1.785 1.7860 1.778
(20) (40) (15) (35)
60.81 1.5225 6 1.525 1.524 1.5155 1.525
(60) (40) (50) (30)

* Cu/In ratio of the alloy




