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The  nucleation  and  growth  kinetics  of  binary  copper–selenium  compounds  from  co-deposited  copper  and
selenium  films  as a function  of  annealing  temperature  and  time  was  investigated.  The  thermally  driven
evolution  of  crystalline  phases  was  followed  using differential  scanning  calorimetry  and  X-ray  diffrac-
tion. Below  60%  selenium,  hexagonal  �-CuSe  formed  during  the  deposition  and  a  reversible  endothermic
transition  at  ∼130 ◦C was  observed  for the  phase  transition  into  hexagonal  �-CuSe. Above  60%  selenium
the  samples  are  amorphous  as deposited  and  there  is  competition  between  the  formation  of  �-CuSe
and  cubic  CuSe2 as annealing  temperature  is  increased.  Slow  rates  of  temperature  increase  favor  the
hemical synthesis
-ray diffraction
alorimetry

formation  of  CuSe2 over  �-CuSe  and  near  66% selenium  only  cubic  CuSe2 forms  during  an  exothermic
event  between  100 ◦C and  110 ◦C. It is  surprising  that  the  metastable  cubic  CuSe2 initially  nucleates
and  grows  rather  than  the  thermodynamically  stable  orthorhombic  CuSe2 polymorph.  Kissinger  analysis
yields  an  activation  energy  for nucleation  of  1.6 eV for  cubic  CuSe2. CuSe  nucleates  throughout  the  com-
position  region  investigated.  Hexagonal  �-CuSe  reacts  with  selenium  to form  the  thermodynamically

morp
stable  orthorhombic  poly

. Introduction

In the electronics industry, circuits and display devices are built
p by a sequence of deposited layers that often undergo various
nnealing steps during processing to arrive at the desired, often
inetically stable, structure. Since most films are deposited under
onditions far from equilibrium, the structural changes and/or reac-
ions of deposited films cannot be predicted solely from phase
iagrams. Indeed, as early as 1958 Brewer [1] reiterated that

t is very common for intermediate metastable phases to form
efore reaching a stable configuration, especially when the sys-
em is far from equilibrium. Qualitatively this can be considered
s being caused by a local minimum on the free energy surface
or the reaction, as indicated in Fig. 1. Providing energy into the
ystem to overcome the smaller activation energy, Ea,1, for the
etastable phase but not sufficient to overcome the larger acti-

ation energy, Ea,2, required to form the thermodynamic product
raps the metastable product. In the 70s this concept was capi-
alized on by metallurgists seeking novel metallic glasses [2–4]
nd more recently metastable films precursors have been used

o systematically prepare new compounds, understand nucleation
arriers to compound formation and to better understand the
nergy landscapes made accessible by deposited films [5–17].
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h  of  CuSe2 as  the  temperature  approaches  the  melting  point  of selenium.
© 2011 Elsevier B.V. All rights reserved.

Understanding and controlling the evolution of deposited films is
crucial for the successful manufacture of today’s thin film elec-
tronic devices including solar cells, integrated circuits, and display
technologies.

The manufacture of copper indium–gallium diselenide (CIGS)
solar cells demonstrates the importance of controlling the kinetics
during processing. CIGS based photovoltaic devices have been the
subject of active research using a variety of synthetic approaches
due to the desirable cost per watt brought about by the mate-
rial’s exceptional optical absorption coefficient and reasonable
cell efficiency, as high as 18% [18–27].  To produce the most
efficient CIGS solar cells, a three-step process is employed. A
molybdenum coated glass substrate is heated and exposed to
an indium–gallium–selenium flux that grows both on (In,Ga)2Se3
coating and creates a molybdenum diselenide layer as an ohmic
contact. The flux is then shifted to copper and selenium, which con-
verts the (In,Ga)2Se3 layer to a copper rich CIGS layer, the excess
copper in the film having been shown to enhance grain growth in
the film [21,28].  In the final step, additional indium is added to
adjust film composition to avoid copper selenide impurity phases
[18]. It is important to avoid copper selenide binary compounds in
the final product as the presence of Cu–Se phases in the CIS pro-
vides recombination sites for the minority charge carriers, reducing

overall cell performance [29–31].

The use of CuSe and CuSe2 as precursors in the synthesis
of and their presence as secondary phases in copper indium
diselenide prompted this study of the nucleation and growth

dx.doi.org/10.1016/j.jallcom.2011.07.042
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Schematic diagram of the reaction path for formation of metastable interme-
diate phases from an amorphous precursor. There is a small activation energy, Ea,1,
and small exothermic energy of formation, �Gf,1

◦ , for the metastable phase relative
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Fig. 2. Reproduction of the copper–selenium binary phase diagram [54] for compo-
sitions between 48% and 85% selenium. The red triangles located above the x-axis
o  the thermodynamic product. The actual stabilization or trapping of the metastable
hase is enabled by a larger activation energy, Ea,2, to form the thermodynamic
roduct.

inetics of the selenium rich portion of the copper–selenium phase
iagram. Copper selenium binary compounds have previously been

nvestigated for their photovoltaic properties [29,32–36].  Addition-
lly, CuSe has been used as a precursor layer for the formation
f copper indium diselenide from a selenized stacked elemental
ayer [37–39].  CuSe and orthorhombic CuSe2 have been identified
s impurity phases in copper indium diselenide grown by elec-
rodeposition and vacuum deposition processes [40–42].  Binary
opper–selenium compounds have been made by several meth-
ds including melt techniques [43–45],  mechanical alloying [46],
lectrodeposition [47], plasma-assisted selenization [48], and at
queous–organic interfaces [49]. This paper examines the evolution
f precursors prepared by co-depositing the elements on a cold sub-
trate. Surprisingly, we observed the nucleation and growth of the
etastable cubic phase of CuSe2 over a broad composition range

nd are able to prepare single-phase samples of this metastable
ompound by controlling annealing conditions.

. Experimental

The co-deposited copper selenium films described in this study were prepared
n a custom built high vacuum chamber based on an earlier design [50]. Copper was
eposited from an electron beam gun controlled by a quartz crystal thickness moni-
or. Selenium was deposited from an effusion cell with the flux monitored by a quartz
rystal thickness monitor. The deposition rates of the two elemental sources were
aried between 0.01 nm s−1 and 0.1 nm s−1 to achieve the desired compositions. The
opper and selenium were simultaneously deposited onto a rotating 150 mm diam-
ter  silicon wafer located approximately 56 cm above the elemental sources. The
afer was  coated with polymethylmethacrylate (PMMA), which was later dissolved

n  acetone to release the deposited material for collection on a filter paper and later
se in DSC and XRD experiments. A small chip of silicon was  also attached to the sur-
ace  of the silicon wafer for use in compositional analysis. The target wafer was not
ctively heated or cooled during deposition. Film thicknesses for the as-deposited
recursors were selected to ensure sufficient quantity of sample for analysis, on the
rder of 100–150 nm.

The composition of the co-deposited copper selenium samples was  determined
y  electron probe microanalysis (EPMA) using the film deposited directly on sil-

con. A Cameca SX-50 microprobe was used to collect the X-ray emission data
t  three accelerating voltages from the thin film samples and standards consist-
ng of elemental copper, selenium, and silicon. The X-ray emission counts from
he  copper–selenium thin films and the silicon substrate relative to the elemental

tandards were modeled using the Pouchou–Pichoir method [51,52] as imple-
ented in the StrataGem software package [53] to determine the composition of

he copper–selenium layer.
Heat flow from each copper selenium sample was  quantified using differential

canning calorimetry (DSC). All DSC data was  collected on a TA Instruments model
represent the compositions of samples prepared in this investigation as determined
by  EPMA analysis. (For interpretation of the references to color in the figure caption,
the  reader is referred to the web version of the article.)

2920 DSC. Samples of the copper selenium films freed from the PMMA coated wafer
were weighed and sealed in aluminum pans for analysis. Sample weights varied
between 0.1 mg and 1 mg.  Heat flow data was  collected with the heated area under
nitrogen to prevent sample oxidation. The DSC scans are shown with exotherms in
the  upward direction.

A Scintag XDS 2000 �–� diffractometer with a Cu K� X-ray source was used
to  collect diffraction patterns and establish the presence and identification of
crystalline phases in the as deposited and thermally annealed powder samples.
Diffraction data from the flake-like samples demonstrated significant texturing,
affecting the relative intensities of the diffraction maxima in the XRD patterns.
Because of the significant texturing, Rietveld analysis of the phases in the samples
was deemed impractical for the scope of this work and XRD patterns were compared
to  JCPDS patterns for identification purposes.

3. Results and discussion

An initial suite of eleven samples were prepared by co-
depositing the elements onto a cold substrate varying the ratio of
the deposition rates to prepare samples between 51% and 81% sele-
nium. The EPMA data for these samples demonstrated a uniform
composition of the films across the substrate. The compositions
of the samples are shown superimposed on the bottom axis of
the phase diagram in Fig. 2. The phase diagram contains three
copper–selenium compounds and the two  more selenium rich
compounds each have several polymorphs [43–45]. The most cop-
per rich compound, Cu3Se2, was not observed in the composition
range and annealing conditions we investigated. CuSe has three
polymorphs. The form of CuSe stable at room temperature is hexag-
onal �-CuSe, which undergoes a reversible polymorphic change
to orthorhombic �-CuSe at 51 ◦C. �-CuSe undergoes a reversible
polymorphic change to hexagonal �-CuSe at 120 ◦C. �-CuSe peri-

tectically disproportionates into �-Cu2−xSe and a selenium rich
liquid phase at 377 ◦C. CuSe2 has two  polymorphs. The thermody-
namically stable phase at atmospheric pressure is orthorhombic,
is grown through slow cooling from a melt, and peritectically
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Fig. 3. DSC scans of co-deposited Cu–Se samples with compositions between 51%
and 81% selenium performed at a heating rate of 4 ◦C min−1. Exothermic transitions
are indicated in the upward direction. Scans are arbitrarily offset vertically with per-
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Fig. 4. XRD data for the sample containing 51% selenium annealed to indicated
temperatures in a DSC at a rate of 4 ◦C min−1 and cooled. The numbers above the
red triangles are the h k l indices of the diffraction peaks of hexagonal �-CuSe and
the  numbers above the blue triangles are the indices of the diffraction peaks for
ent of selenium, shown on the left, increasing as moved up the figure. The identities
f  the major endothermic transitions expected from the phase diagram in Fig. 1 are
ndicated.

isproportionates into �-CuSe and a selenium rich melt at 332 ◦C
44]. The metastable polymorph is cubic and is prepared by anneal-
ng orthorhombic CuSe2 at 12 kbar and 420 ◦C for 2 h followed by
apid cooling [44].

The phase diagram, however, does not predict the identity
f compounds that will preferentially form from a co-deposited
recursor with a specific composition nor does it predict the tem-
eratures where compounds will form, which can be a function of
rior annealing conditions and heating rate. Given the homogene-

ty of the film composition as determined by EPMA, crystallization
vents likely require an annealing induced fluctuation in the local
omposition. To probe the temperatures at which compounds form
nd the temperatures where phase transformations and decompo-
itions occur, all of the samples prepared as part of this study were
xamined using DSC. Since the phase diagram is based on the for-
ation of phases from a slowly cooled melt and the DSC scans in

his study are on samples being slowly heated from a metastable
recursor, the phase formation at low temperatures may  not align
ith the phase diagram but equilibrium phases that have formed
ill undergo phase transitions at the temperature indicated on the
hase diagram.
Fig. 3 contains the DSC scans of the initial eleven samples col-
ected at a heating rate of 4 ◦C min−1. As would be expected from
he phase diagram, all of the scans contain an endothermic transi-
ion at 377 ◦C that corresponds to the decomposition of �-CuSe to
orthorhombic CuSe2. (For interpretation of the references to color in the figure
caption, the reader is referred to the web version of the article.)

�-Cu2−xSe and a selenium rich melt. The behavior of the films below
377 ◦C enables us to roughly divide the samples into three different
groups depending on the exotherms and endotherms observed in
the DSC data. The five films containing 67% or more selenium all
have endothermic transitions at 221 ◦C and 333 ◦C corresponding
respectively to the melting of selenium and CuSe2 decomposing
into �-CuSe and a selenium rich melt. The four films with composi-
tions between 60% and 67% selenium all have a broad endothermic
transition that starts below 333 ◦C and a slight exothermic tran-
sition at approximately 180 ◦C. The two  films with compositions
below 60% selenium have a small endothermic transition at approx-
imately 130 ◦C, suggesting that �-CuSe has already formed in these
films below this temperature. To identify the compounds forming
at each of the exothermic and endothermic transitions observed
in the DSC scans of all the samples, diffraction data were collected
on samples that were annealed to indicated temperatures and then
cooled to room temperature. The following paragraphs present and
discuss the diffraction data collected on each group of samples and
relate this data to the published Cu–Se phase diagram.

XRD data collected as a function of annealing temperature on a
51% selenium sample, which are representative of the data obtained
on samples with compositions between 50% and 60% selenium, are
shown in Fig. 4. The samples were annealed using a DSC scan to the
indicated temperatures and cooled to room temperature for the
diffraction scans. The two  original and a second set of samples pre-
pared with selenium composition between 50% and 60% were all
found to have formed �-CuSe during the deposition process and all
the diffraction peaks could be indexed to �-CuSe. In this composi-
tional region, a small, reversible endothermic transition is present
in the DSC scan at 130 ◦C, as indicated in Fig. 3. This endothermic
transition may  result from the �-CuSe to �-CuSe phase transition
which is expected at 120 ◦C, however, since we  do not observe any
heat signal for the �-CuSe to �-CuSe phase transition expected at
51 ◦C, it is possible that the 130 ◦C transition is for the conversion of
�-CuSe to �-CuSe. The narrowing of the diffraction peaks in Fig. 4,
as a function of annealing temperature indicate grain growth of �-
CuSe. After annealing at 320 ◦C, the size of the �-CuSe crystallites

have significantly increased due to Ostwald ripening in the solid
state and CuSe2 appears as a minor phase as expected from the
phase diagram. The amount of CuSe2 increases in the diffraction
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Fig. 5. XRD data for a sample containing 64% selenium and annealed in a DSC at a rate
of  4 ◦C min−1 to the indicated temperatures and cooled to room temperature. The
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Fig. 6. XRD data for a sample containing 68% selenium and annealed to various tem-
peratures in a DSC to the indicated temperatures and cooled to room temperature
at  the maximum rate experimentally accessible in the instrument. Scan rates are
abels near the diffraction maxima are the indexed diffraction peaks of the observed

hases.

atterns as the selenium concentration of the samples increases.
 broad, reversible endothermic transition centered at 330 ◦C also
ppears in the DSC scans which increases in magnitude as selenium
oncentration increases up to 67% selenium. Murray [44] showed
his transition to be the slow conversion of CuSe2 to �-CuSe and
iquid selenium. Above 66% selenium, liquid selenium is present
t these temperatures, and the broad endothermic transition is
eplaced by a sharp, reversible endothermic transition at 332 ◦C.
his sharp endothermic transition is also from the reversible con-
ersion of CuSe2 to �-CuSe plus liquid selenium as indicated in the
hase diagram [54]. The temperature range and rate of this con-
ersion is different for samples containing molten selenium versus
hose in a completely solid state and it is surprising that the solid-
tate reaction starts at a lower temperature.

The four films with compositions between 60% and 67% sele-
ium all have an exothermic transition that begins below 100 ◦C
nd a slight exothermic transition at approximately 180 ◦C. Fig. 5
ontains the XRD scans collected from a powder sample con-
aining 64% selenium which are representative of the samples
ith selenium compositions between 62% and 66% selenium. The

amples are X-ray amorphous as deposited and both CuSe and
he metastable, high-pressure cubic polymorph of CuSe2 have
ucleated and grown after heating to 115 ◦C, past the irreversible
xothermic event that begins below 100 ◦C. Since our diffraction
ata is collected after cooling the film back to room tempera-
ure, we do not know which polymorph of CuSe nucleates during

his exothermic event, but it is surprising that the metastable,
igh-pressure cubic polymorph of CuSe2 forms as well as CuSe.
iffraction scans collected on samples annealed above the 180 ◦C

rreversible exothermic event show both grain growth of cubic
4 ◦C min−1 unless otherwise indicated. The labels near the diffraction maxima are
the indexed diffraction peaks of the observed phases.

CuSe2 and the first appearance of the thermodynamically stable
hexagonal CuSe2 polymorph. At higher annealing temperatures we
observe the broad, reversible endothermic transition centered at
330 ◦C discussed previously from the conversion of CuSe2 to �-
CuSe and liquid selenium. Only orthorhombic CuSe2 is apparent
in the diffraction patterns after annealing to temperatures above
this endotherm, with the relative intensity of the �-CuSe diffrac-
tion peaks varying as expected from the lever rule and the phase
diagram. We  do not observe the weak endotherm at 130 ◦C seen
in samples with 50–60% selenium, presumably due to the small
amounts of CuSe in these more selenium rich samples.

The DSC data of the five films containing 67% or more selenium
differ from those containing between 60% and 67% selenium by
having a broader exotherm with two  heat flow maxima at around
100 ◦C, a reversible endothermic transition at 221 ◦C correspond-
ing to the melting of selenium and a sharp endothermic transition
at 333 ◦C. The slight irreversible exothermic transition at approx-
imately 180 ◦C seen in the samples with 60–67% selenium is still
observed, but only barely in some samples. Fig. 6 presents XRD data
on powdered samples containing 68% selenium, representative for
this group of samples, annealed in the DSC to temperatures near
thermal transitions identified by the DSC scans and cooled to room
temperature. These samples were observed to be X-ray amorphous
on deposit. After the first irreversible exotherm near 110 ◦C, both
�-CuSe and cubic CuSe2 nucleate and grow. The presence of �-CuSe
is surprising since it is not present at this composition in the equi-

librium phase diagram and is observed to form even in samples
with as much as 79% selenium. There is little change in the diffrac-
tion patterns until annealing past the irreversible 180 ◦C exotherm,
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a Johnson–Mehl–Avrami relationship, has a uniform composition
around the nucleation and growth event, and that that the nucle-
ation and growth are constant for a given temperature.
ig. 7. DSC scans for 67% selenium samples at heating rates of 4 ◦C min−1 and
0 ◦C min−1. The higher heating rate results in an increase in the magnitude of the
econd exothermic peak.

fter which the �-CuSe phase has disappeared and the orthorhom-
ic polymorph of CuSe2 is clearly present. The orthorhombic phase
ppears to form from the reaction of �-CuSe with the excess sele-
ium and perhaps also from the conversion from the cubic phase
f CuSe2. The presence of selenium in these samples is indicated
y an endotherm at 221 ◦C, the melting point of selenium, which
ecomes more pronounced with increased selenium concentration
s expected from the phase diagram. The melting of selenium leads
o grain growth of orthorhombic CuSe2 and a large decrease in the
elative amount of the cubic polymorph of CuSe2 which can no
onger be observed in the diffraction patterns after annealing to
20 ◦C.

The variation of the relative amounts of �-CuSe and cubic CuSe2
bserved after annealing through the 100 ◦C exotherm lead us to
urther investigate the competition between the nucleation of �-
uSe and cubic CuSe2 with a sample containing 67% selenium. As
een in Fig. 3, the DSC at this composition has a distinctive dou-
le exotherm centered at 105 ◦C. Separate samples were heated
t 4 ◦C min−1 and 10 ◦C min−1 to a temperature above the double
xotherm with the DSC results presented in Fig. 7 and the XRD pat-
erns that were collected on each sample presented in Fig. 8. The
SC results clearly indicate that a decrease in heating rate results in
n increase in the magnitude of the first exotherm at the expense of
he second. The XRD patterns indicate that the slower heating rate
esulted in the formation of more of the metastable cubic CuSe2
hase and less of the �-CuSe phase. This strongly suggests that the
rst DSC peak represents the nucleation of cubic CuSe2 and the sec-
nd is the nucleation of �-CuSe from the remaining amorphous part
f the sample. Confirming this hypothesis, if the DSC heating rate is
educed to 0.1 ◦C min−1 almost phase pure cubic CuSe2 is produced
s shown in Fig. 6. The metastable cubic CuSe2 phase nucleates at

 lower temperature than the orthorhombic CuSe2 phase.
The composition near 66% selenium is unique in that only cubic

uSe2 forms during the first exothermic event between 100 ◦C and
10 ◦C as shown in the diffraction patterns contained in Fig. 9. Since
nly one phase forms during the 110 ◦C exothermic event, DSC data
as collected at heating rates from 0.1 to 10 ◦C min−1 to determine

he activation energy for nucleating cubic CuSe2. Each sample was

haracterized by XRD to confirm that only the cubic CuSe2 phase
ormed and to determine the a lattice parameter (0.6116(1) nm),
hich agreed with the published value [44]. Non-isothermal DSC
ata can be analyzed using a Kissinger analysis. In a Kissinger
Fig. 8. XRD patterns of 67% selenium samples heated at 4 ◦C min−1 and 10 ◦C min−1.
The slower heating rate favors the formation of cubic CuSe2.

analysis, the activation energy is obtained from the peak tempera-
ture of the DSC exotherm, Tp, as a function of thermal scan rate Q
[55]:

d ln[Q/T2
p ]

d ln[1/Tp]
= −Ecryst

R

where R is the gas constant. Graphing ln[Q/T2
p ] versus 1000/T

gives a straight line, as shown in Fig. 10,  with a slope equaling
−E/R from which the activation energy for the nucleation and
growth process is extracted. The activation energy for nucleation
was determined to be 1.6 eV. The use of this equation requires, as
has been indicated previously [56], a series of assumptions based
on the nucleation mechanism, the composition of the amorphous
and crystalline materials, and growth rate. Specifically, the equa-
tion presented above assumes that the growth process follows
Fig. 9. XRD data for a sample containing 66% selenium annealed to indicated tem-
peratures at a DSC at a rate of 4 ◦C min−1. The labels near the diffraction maxima are
the indexed diffraction peaks of the observed phases.
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Fig. 10. Kissinger plot used to derive the activation energy for nucleation of
cubic CuSe2. DSC heating rates used for the Kissinger plot were 0.1, 1.0, 4.0, and
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The low temperature diffusion of copper in chalcogenides has
een previously observed to lead to the crystallization and restruc-
uring of copper selenium compounds over extended time periods
nder ambient conditions. Murray found that new XRD reflections
ppeared in a seven-year-old sample of CuSe, indicating a slow
rdering process [44]. More recently, Ohtani produced Cu3Se2 in
n ambient temperature solid-state reaction between �-CuSe and
-Cu2Se over a span of several days [46]. The formation of the
etastable cubic CuSe2 at 100 ◦C and these prior reports prompted

s to collect diffraction patterns on three powder samples that were
tored in vials at ambient temperature for 44 months. The sam-
le containing 72% selenium remained amorphous and the sample
t 57% selenium remained unchanged with the presence of small
uSe crystallites. The sample containing 64% selenium crystallized
oth cubic CuSe2 and �-CuSe with cubic CuSe2 being the domi-
ant phase. This further suggests that the metastable cubic CuSe2
olymorph nucleates at low temperatures than the more thermo-
ynamically stable orthorhombic form.

. Conclusions

Examining the kinetics of phase formation of copper selenide
ompounds from co-deposited precursors lead to the discovery
hat non-equilibrium phases preferentially formed, demonstrat-
ng the importance of nucleation kinetics. �-CuSe was observed
o form over a broad compositional range. This range extended
eyond the region of the phase diagram where the �-CuSe phase

s thermodynamically stable. �-CuSe is kinetically stable in films
ith compositions above 67% selenium at low temperatures, but
ecomposes on annealing above 140 ◦C by reacting with selenium
o form orthorhombic CuSe2. The low temperature nucleation of
ubic CuSe2, instead of the thermodynamically stable orthorhom-
ic polymorph, was observed over a wide range of selenium rich
ompositions. The films with composition containing 66% selenium
ormed phase pure cubic CuSe2 at heating rates up to 10 ◦C min−1.
t compositions close to this stoichiometry, the cubic CuSe2 phase
referentially nucleated over �-CuSe at slow heating rates. Cubic
uSe is also the first phase to form at compositions above 67%
2
elenium and its growth forces the remaining amorphous material
o become further selenium rich, making it more difficult to nucle-
te �-CuSe. The cubic phase showed lower thermal stability than

[

[
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previously reported, converting to the orthorhombic phase near
200 ◦C.
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