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CuInAl precursor ﬁlms with varying Al/(In + Al) ratios were co-sputtered onto Mo coated soda-lime glass
substrates. Metal precursor ﬁlms were then selenized under vacuum conditions using thermally
evaporated elemental selenium. Both precursor ﬁlms and selenized samples were characterized for
composition, crystalline phases, morphology, and compositional depth uniformity. Selenized ﬁlms
show low Al incorporation and phase separation when selenized at both 500 and 525 1C. Films
selenized with a Se deposition rate of 12 Å/s showed poor adhesion compared with samples selenized at
4 Å/s. The segregation of aluminum towards the back contact as well as oxygen incorporation appears
to cause adhesive loss in extreme cases, and poor interface electrical characteristics in others. The
maximum device efﬁciency measured was 5.2% under AM1.5 for a device with  2 at% aluminum.
& 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Much of the research on Cu-chalcopyrite absorber materials
for thin ﬁlm solar cells has been focused on CuInGaSe2 (CIGS). In
these ﬁlms, gallium is substituted for indium in the CuInSe2 (CIS)
lattice to increase the band gap (Eg) from 1 eV (CIS) to as high as
1.7 eV (CuGaSe2). Theoretically an absorber layer with an
Eg  1.4–1.45 eV would give the highest efﬁciency for a single
junction device, however highest efﬁciency CIGS are limited to an
Eg  1.15 eV [1,2]. This equates to a Ga/(Ga+ In) ratio of  0.3.
Increasing Eg to as high as 1.3 eV (Ga/(Ga+ In) 0.5) has resulted
15% efﬁcient devices. As more Ga is introduced beyond this point
the increase in open circuit voltage (Voc) is no longer linear with
Eg, and Voc is limited to  0.8 V [3]. The photocurrent decreases as
expected, and the resulting devices show decreased efﬁciencies.
Numerous reasons have been given for this decreased
efﬁciency as the band gap is increased. Studies have shown that
the typical CdS buffer layer may not be ideal for wide-gap
materials [3,4]. As Eg is increased the conduction band offset
(CBO) at the absorber/CdS interface changes from a ‘‘spike’’
(DEc 40) to a ‘‘cliff’’ (DEc o0). The ideal offset has been theorized
to be DEc  + 0.3, which is the offset for a 1.15 eV CIGS absorber.
The small interface recombination velocities that occur if a
DEc r0 results in a limit to the open circuit voltage, which is
the case at a CIGS absorber band gap of 1.3–1.4 eV [3].
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Defects are also thought to play a role in this decreased
efﬁciency. Bulk defect concentration reaches a minimum at
Eg = 1.1–1.2 eV, where highest efﬁciency devices are found.
Beyond this point defect concentration rises, and reaches its
maximum at 1.7 eV (CuGaSe2) [5]. Heath et al. [6] have also found
a deep defect band at 0.8 eV by transient photocapacitance
spectroscopy. In low Ga samples this band lies close to the
conduction band. As Ga is increased the band moves closer to the
mid-gap, and should become a much more efﬁcient recombination center. These defects could be responsible for the limited
efﬁciencies of high-Ga CIGS devices.
Aluminum can also be used to alter the band gap of CIS.
CuInAlSe2 (CIAS) ﬁlms have an Eg range of  1 eV (CuInSe2) to
 2.7 eV (CuAlSe2). The  0.8 eV deep defect band found in CIGS is
not present in CIAS ﬁlms. Increasing Al content does increase the
Urbach energy of the band tail, suggesting an increased disorder
to the material, but the lack of a deep defect band is favorable for
the production of wide-gap CIAS devices [7].
Aluminum also produces a larger band gap change in CIS than
Ga due to the smaller size of the Al atom. For instance a band gap
of 1.4 eV requires Ga/(Ga+ In)  0.55 in CIGS, and only Al/(Al+ In)
 0.22 in CIAS. This should result in reduced lattice deformation
in CIAS, which may lead to fewer structural defects associated
with higher gap ﬁlms [8].
Record CIAS lab scale device efﬁciency has reach 16.9% using a
co-evaporation process [9]. An alternative method to co-evaporation
that has produced device quality CIS and CIGS ﬁlms is sequential or
co-sputtering of metal precursors, followed by selenization in a
selenium atmosphere [10–13]. Of the two sputtering methods, cosputtering allows for greater compositional depth uniformity
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through control of metal precursor deposition conditions. The
sputtering/selenization process is believed to be easier to scale up
to a high throughput-manufacturing environment where monolithic
modules must be uniform in thickness and composition over large
deposition areas.
Potential applications for CIAS include both single and multijunction devices. A CuInSe2 bottom absorber, combined with one
or two CIAS absorbers of wider band gap would be ideal for space
applications where the inherent radiation resistance of the
chalcopyrite structure, along with the high speciﬁc power (W/kg)
of a thin ﬁlm multi-junction cell is desired. Films could also be used
as an alternative to CIGS if similar efﬁciencies can be produced
using the sputtering/selenization approach.
For this paper precursor ﬁlms were co-sputtered from Cu, In,
and Al targets, and then selenized using thermally evaporated
elemental selenium. The results of different selenization parameters on ﬁlm properties, as well as some current challenges
associated with the development of sputtered/selenized CIAS
ﬁlms will be presented.

2. Experimental
2.1. Precursor deposition

t=1
Cu

CuIn

2.2. Selenization
Selenization of metal precursors was preformed in a turbopumped thermal evaporation setup with a base pressure of
 1  10  6 Torr. Here, a heated bafﬂed box source was used to
evaporate elemental selenium while the deposition rate was
maintained through closed-loop feedback with a quartz crystal
monitor. Substrates were positioned on 2  200 boron-nitride
masks and heated with tungsten-halogen lamps from the back
surface. A thermocouple positioned on the back of a sample was
used to measure the ﬁlm temperature and feedback to the lamps
PID controller. The system is not load-locked so after the
selenization process a nitrogen purge and pump cycle was used
to ﬂush any selenide gases before samples were removed.
The temperature ramp rate was maintained at  50 1C/min for
all depositions. Deposition time, temperature, and selenium ﬂux
(Å/s) were varied to determine the effect of different process
parameters on ﬁlm properties. Films were ﬁnished by depositing
CdS by chemical bath deposition of CdS to a thickness of 60 nm.
i-ZnO was then RF-sputtered to a thickness of 100 nm followed
by  200 nm of ZnO:Al. Ni ( 50 nm)/Al ( 3 mm) metal grids
were then deposited by electron beam evaporation.

2.3. Film characterization

Metal precursor ﬁlms for this work were deposited on 1  300
molybdenum coated soda-lime glass (Mo/SLG) substrates. The Mo
back contacts, as well as metal precursor ﬁlms, were deposited
using an AJA International Inc. ATC magnetron sputtering system
equipped with three 300 sputtering guns. Sputtering guns are
positioned in a con-focal arrangement allowing simultaneous
deposition of precursor elements, while stage rotation maintains
ﬁlm thickness and compositional uniformity.
Mo ﬁlms were deposited by DC magnetron sputtering to a
thickness of 1 mm. The Mo/SLG was then moved to the load lock
for storage, targets were changed, and the system was pumped
down to a base pressure of 5  10  7 Torr. A target sputter clean
was preformed ﬁrst to remove any surface oxides, or contaminant
layers. Single target sources of Cu, In, and Al were then used to
deposit the precursor ﬁlm in a layered co-sputtering approach
onto the Mo/SLG substrates. The phase ‘‘layered co-sputtering’’ is
used because the metals are sputtered both individually (layered
sputtering), as well as simultaneously (co-sputtering), where two
or all three metals are sputtered at the same time.
A drawing of a typical layered co-sputtering deposition is
shown in Fig. 1. Deposition began by co-sputtering Cu–In. This
was followed by Cu–In–Al. One thousand seconds before the end
the deposition both the Al and In guns were shut down, and Cu
was sputtered alone to form a capping layer ( 100 nm thick) to
prevent Al oxidation. The exact start time for Al and end time for
In were varied to obtain different Al/(Al+ In) ratios. The power
density (W/cm2) of the Al and In guns were adjusted to ﬁne tune
ﬁlm compositions. A more detailed description of the precursor
deposition can be found in previous work [14].

CuInAl

599

Al

t=0

In

Cu

Fig. 1. Depiction of the layered co-sputtering process used in precursor
deposition. The arrows indicate the metal being sputtered, with the deposition
beginning at t =0 and ending at t =1.

Film compositions were measured using a JEOL Superprobe
8600 electron microprobe equipped with four wavelength
dispersive spectrometers (WDS) and one energy dispersive
spectrometer (EDS). Electron probe microanalysis (EPMA) uses
standards of relevant elements to provide accurate compositional
analysis of bulk materials. EPMA is necessary for CIAS ﬁlms
because its energy resolution ( 5 eV) is needed to separate the Al
Ka (1486.6 eV) and Se La (1379 eV) X-ray peaks. The energy
resolution of a typical EDS is around 130 eV depending on the
X-ray being analyzed [15]. Precursor ﬁlms were measured at an
accelerating voltage of 15 kV, and selenized ﬁlms at 20 kV.
While EPMA provides accurate bulk compositions, it is limited
to the interaction volume of the electron beam and the energy of
the X-ray line of each element. If the ﬁlm is not uniform in
composition with depth the resulting composition favors those
elements at the surface and/or with higher energy X-ray lines that
are capable of escaping from greater depths. To measure the
change in composition with depth Auger electron spectroscopy
(AES) was performed using a Physical Electronics model 15–110B
cylindrical mirror analyzer. Primary electron energy of 5 keV was
used at a current of  1 mA. Sputtering time was 2 min between
each surface analysis.
To determine the chemical state of the ﬁlm elements X-ray
photoelectron spectroscopy (XPS) was used. A ThermoVG Thetaprobe equipped with a hemispherical analyzer and a monochromated
Al Ka X-ray source was operated at a 100 W/200 mm spot mode.
Pass energy for surveys was 300 eV. Due to the ﬁlm thickness a wide
sputter crater was formed using the ion gun on the AES system, and
then the sample was transferred to the XPS system. The crater wall
was used to access the different depths in the ﬁlm. The surface of the
analysis area was sputtered to remove surface oxides and data were
taken. The XPS chamber was maintained at 2  10  9 Torr during
analysis, except during argon introduction.
Crystalline phases were determined with X-ray diffraction
(XRD). XRD scans were carried out on a Scintag X-ray diffractometer equipped with a Cu Ka X-ray source and a horizontal
wide-angle four-axis goniometer with stepping motors which
allowed independent or coupled y/2 y axes motion. Precursor
ﬁlms were scanned from 251 to 501, and selenized ﬁlms from 201
to 601. Grazing-incidence X-ray diffraction (GIXRD) measurements
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with omega set at 21 were also used to determine if any phase
changes occurred between the bulk and surface regions. The
collected XRD measurements were compared with reference
patterns from the standard Joint Committee for Powder Diffraction Standards (JCPDS) powder diffraction ﬁle (PDF).
To determine the amount of Al incorporated into the CIS
structure a targeted scan of the (1 1 2) peak of each ﬁlm was run.
A NIST calibrated ﬂat plate standard with a peak location at
26.6491 was used to ensure tool shift did not affect peak
measurements. According to Vegard’s law there should be a
linear shift in the lattice spacing between CIS (2y =26.6241) and
CAS (2y =27.7321) with increasing Al concentration [16]. Using
this relation the amount of Al incorporated into each ﬁlm can be
determined.
Top-view and cross-sectional morphology were imaged with a
Leo 1550 Schottky source scanning electron microscope (SEM).
Images were taken at an accelerating voltage of 10 or 15 kV, ﬁlm
thicknesses were measured with cross-sectional images.
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Fig. 2. XRD of CuInAl precursor ﬁlms.

3. Results and discussion

In-rich islands
3.1. Precursor ﬁlms

Table 1
Average compositions of precursor ﬁlm sets measured with EPMA, and the
standard deviation within each set.
Sample set

Cu (at%)

In (at%)

Al (at%)

1
2
3

48 7 3
49 7 3
49 7 3

49 73
38 73
33 74

37 1
127 2
187 2

Cu-rich background
2 µm

Fig. 3. Top-view SEM image of a Set 3 CuInAl precursor ﬁlm.

80
70
Composition (at. %)

The average composition of the precursor ﬁlms determined by
EPMA is given in Table 1. The ﬁlms are divided into three sets,
with increasing Al content as one moves from Sets 1 to 3. Average
ﬁlm composition of each precursor set was slightly Cu-poor to
ensure p-type conductivity and avoid the formation of CuxSe
phases at the surface of the selenized ﬁlm [17]. The XRD spectra in
Fig. 2 show Cu, and CuIn phases similar to those found in CuIn or
CuInGa precursor ﬁlms deposited by sputtering [11]. CuxAly
phases and Al are also found in Sets 2 and 3 precursors, and
only a small Al2Cu peak is found in Set 1 ﬁlms. No oxide peaks are
found in the precursor XRD scans.
A top-view SEM image of a representative precursor ﬁlm
shows a dark background with small grains as well as bright
island agglomerations (Fig. 3). Using EDS and EPMA the darker
background material has been found to be Cu-rich, while the
islands protruding through the Cu-rich ﬁlm are In-rich. This island
formation has been noted in previous CuIn precursor work, where
they ﬁnd the separation between In-rich phase and Cu-rich phase
is due to high interfacial energy [18,19].
The AES of a Set 3 (high Al) ﬁlm is shown in Fig. 4. A surface
oxide is observed, however due to the Cu capping layer it consists
of Cu- and In-oxides rather than an Al2O3. Al2O3 is a very stable
oxide and would contaminate the ﬁnal ﬁlm and affect selenization
reactions. Both Sets 1 and 2 ﬁlms showed no Al2O3 as well.
Indium, which is preferentially sputtered earlier in the
deposition process, has diffused to the surface to a degree in this
ﬁlm in the form of In-rich islands seen in Fig. 3. Due to the Cu
capping layer, and preferential sputtering of Al towards the top of
the ﬁlm, it is likely that Cu–Al phases form at the top of the ﬁlm as
well. These phases can be seen in the XRD spectra in Fig. 2. With
much of the Cu already bound to Al the driving force for indium to
move towards the surface to form Cu–In phases is minimized.
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Fig. 4. AES compositional depth proﬁle of a Set 3 precursor ﬁlm.

This may be the reason why we see the majority of the indium
closer to its deposited position towards the back contact.
Increased In diffusion towards the surface was found as Al
composition decreased. It is important to note that these ﬁlms are
deposited at room temperature. Increasing the substrate temperature during deposition results in greater In diffusion to the
surface and greater chance of Al-oxidation.

3.2. Selenized ﬁlms
3.2.1. Film composition and adhesion
A summary of selenization conditions, ﬁlm thicknesses, and
ﬁlm compositions determined with EPMA are shown in Table 2.
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Table 2
Selenization parameters for each sample along with composition determined with EPMA. The point where adhesion loss was observed is also noted.
Set #

Selenization parameters
T (1C)

Composition

Adhesion loss

t (min)

Se rate (Å/s)

Cu (at%)

In (at%)

Al (at%)

Se (at%)

(Cu + In)/Se

Thick (2–2.5 lm)
1
500
1
500
1
525
1
525
2
500
2
500
2
525
2
525
3
500
3
500
3
525
3
525

40
60
60
60
40
60
60
60
40
60
60
60

4
4
4
12
4
4
4
12
4
4
4
12

28
23
23
21
26
24
23
X
25
26
25
X

26
28
26
29
28
29
27
X
29
25
26
X

1
1
2
0
1
1
0
X
1
2
1
X

45
48
50
50
45
47
50
X
46
47
49
X

1.2
1.06
0.98
1
1.2
1.13
1
X
1.17
1.09
1.04
X

Thin (1.5–1.75 lm)
1
500
1
525
1
525
2
500
2
525
2
525
3
500
3
525
3
525

60
60
60
60
60
60
60
60
60

4
4
12
4
4
12
4
4
12

22
23
22
24
23
21
22
22
22

28
27
28
27
26
30
28
29
27

1
0
0
1
1
0
1
0
0

48
50
49
48
50
49
49
49
50

1.04
1
1.02
1.06
0.98
1.04
1.02
1.04
0.98

Also noted is the step during device fabrication, if any, where
partial or complete adhesion loss at the CIAS/Mo interface was
observed. Adhesion loss occurred either during the selenization
process itself, during the cleaving of samples for characterization
and ﬁnishing, or during the CdS chemical bath deposition process.
There are a few trends that can be taken from this data. First, the
samples with the least Al show the greatest adhesion. As Al
content is increased in the ﬁlms progressively worse adhesion is
found. Second, thinner samples adhere better than thicker
samples. And third, the 12 Å/s Se ﬂux resulted in worse
adhesion than the 4 Å/s Se ﬂux. Two of the 12 Å/s samples lost
adhesion completely during selenization or during cleaving and
could not be analyzed further.
Samples selenized for 40 min were found to be selenium
deﬁcient. The reaction time was increased to 60 min to allow
more time for selenium incorporation. These samples show an
increase in selenium; however 500 1C samples still appear to be
slightly selenium deﬁcient. Samples selenized at 525 1C were
found to have 50% Se. There was no measureable change in at%
Se between samples selenized under 4 Å/s vs. 12 Å/s Se ﬂux, or
between various thicknesses.
EPMA composition measurements show little to no Al. This
suggests all the Al is at a depth greater than 500 nm in all ﬁlms,
and therefore too deep for the low energy Al Ka X-rays to escape
out of the bulk. AES results will conﬁrm that Al remains in the ﬁlm
at depth, however without the accuracy of EPMA it is difﬁcult to
say if the Cu/Al ratio remains the same between the precursor and
selenized ﬁlms.
The adhesion issues with the higher Se ﬂux samples are likely
due to the speed in which the CIS phase grew in the ﬁlm. The 4 Å/s
Se ﬂux may have slowed the growth of CIS, allowing more
diffusion to occur, and resulting in a more intermixed and less
stressed ﬁlm. The 12 Å/s Se ﬂux would have promoted the
formation of the binary selenides Cu2  xSe and InSe/In2Se3,
increasing the availability of the reaction partners to form CIS
[20]. This likely led to a phase separation early in the selenization
process, rapid CIS growth, and a large stress between the phases
that could not be supported.

500 ° C, 4 Å /s

525 ° C, 4 Å/s

CdS Bath
Cleave
CdS Bath
CdS Bath
Selenization
Selenization

CdS Bath
CdS Bath
Cleave

525 ° C, 12 Å/s

Set 1

Set 2

2 μm

Set 3
Fig. 5. Top-view SEM images of thin selenized samples.

3.2.2. Film morphology and grain growth
Fig. 5 shows top-view SEM images of the thinner ﬁlms. There is
no signiﬁcant difference between samples selenized at 500 and
525 1C at 4 Å/s. Grain size differences are probably due to small
differences in Cu and Se concentration. Samples selenized with
12 Å/s Se ﬂux appear to grow denser and smoother than the low
Se ﬂux samples.
Cross sectional images of these samples are seen in Fig. 6. All
samples exhibit vertical grain growth. Moving from Sets 1 to 3
ﬁlms there appears to be a secondary layer of increasing thickness
that develops beneath the vertically oriented grains towards the
top of the ﬁlms. Voids are found both above this layer, at
the interface with the large vertical grains, as well below, at the
interface with the Mo grains. These voids likely resulted in
the adhesion loss found with increasing Al content ﬁlms.
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There is no signiﬁcant visible difference in void size or density
at the interfaces between the 4 and 12 Å/s samples. There does
appear to be smaller grains towards the back contact in the Set 1
ﬁlms selenized under 12 Å/s ﬂux which are not seen in the 4 Å/s
500°C, 4 Å/s

525°C, 4 Å/s

samples, but this is not seen in the Set 3 ﬁlms. The Set 2 sample
selenized under 12 Å/s completely lost adhesion before a cross
section could be imaged.

3.2.3. Compositional depth proﬁles
Depth proﬁling of selenized ﬁlms revealed a number of
potential ﬁlm growth issues (Fig. 7). The Set 1 ﬁlms selenized at
525 1C show an In-rich surface region, while Cu increases towards
the back contact and Se appears to grade down with this
increasing Cu. The Al in all ﬁlms is either completely or partially
isolated at the back contact, and present with oxygen. Set 3 ﬁlms
also show an increase in Cu in the region where Al and oxygen
increase. These results suggest that the secondary layer found in
cross-sectional SEM images in Fig. 6 consists of Al, O, and in some
cases Cu.
Mild In grading is seen in the Set 1 ﬁlms, but the total
concentration of Group IIIb elements in the ﬁlm is roughly
constant, as expected. The Cu–Se grading is more pronounced.
Films show the desired Cu:Se ratio at the surface, but decreasing
Se in the ﬁlm as depth increases. During the growth of these ﬁlms
In–Se and Cu–Se binary compounds form around the melting
point of Se, and then combine to form CuInSe2 [21,22]. The Cu–Se
in this reaction is thought to behave as a quasi-liquid ﬂuxing
agent that helps in the formation of large, dense grains. The
melting point of this binary compound is 523 1C [17]. Samples
selenized at 525 1C would have had this mechanism active and it

525°C, 12 Å/s

Set 1

2 μm

Set 2

Set 3
Fig. 6. Cross-sectional images of the selenized samples found in Fig. 5. The Set 2
sample selenized at 525 1C for 60 min, under 12 Å/s Se ﬂux lost adhesion before
imaging.
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Fig. 7. AES compositional depth proﬁles of thin selenized ﬁlms. Selenization parameters indicated by rows: (a) 500 1C, 60 min, 4 Å/s Se ﬂux; (b) 525 1C, 60 min, 4 Å/s Se
ﬂux; (c) 525 1C, 60 min, and 12 Å/s Se ﬂux. The column labeled Set 3a is Set 3 ﬁlms calculated using the sensitivity factor for Al (0.07), and Set 3b is Set 3 ﬁlms calculated
with the sensitivity factor of Al in Al2O3 (0.265).
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may have altered the growth by promoting the formation of CIS at
the surface more quickly. The resulting surface layer of CIS may
have inhibited the further diffusion of Cu to the surface and
incorporation of Se evenly throughout the ﬁlm. This explanation
only holds for the Set 1 ﬁlms however, as this does not appear to
happen in Set 3 ﬁlms. There is no appreciable difference in
composition between the two sets of ﬁlms in the region measured
by EPMA. It is possible either the large portion of Al in the
Set 3 ﬁlm, or small differences in Cu:In ratio combined with
the increased surface CIS growth produced the increased
Se-deﬁciency with depth.
The segregation of Al towards the back contact is not a
completely unexpected phenomenon. In CIGS ﬁlms formed by
selenization of precursors Ga grading is seen as well [23]. In CIGS
ﬁlms, CIS will begin crystallizing at 230 1C, while CGS does not
form until  300 1C. These ﬁlms will then form CIGS by interdiffusion at higher temperatures [21,24]. For CIAS ﬁlms hightemperature XRD measurements have found that Al2Se3 forms
around 475 1C, (In,Al)2Se3 around 425 1C, and the formation of
CIAS will not occur until 480–490 1C. The reaction is assumed to
proceed either directly as (1/2)CuSe2 +(1/2)(In,Al)2Se3-CuInAlSe2,
or through interdiffusion of CuInSe2 and CuInAlSe2 [22]. All these
reactions occur at signiﬁcantly higher temperature than the CIS
reaction. The CIS and CIAS should be able to form a single-phase
material by inter-diffusion, but in the temperature and time
parameters investigated this does not appear to occur. XRD
indicates Al/Cu–Al/ and Cu–In–Al phases remain even after
60 min of selenization at 525 1C (Fig. 8).
The oxygen present with the Al at the back contact is also an
issue in these ﬁlms. Originally AES scans were performed using
the preset elemental sensitivity factor for the crystalline Al KLL
transition (sensitivity factor= 0.07), as the expectation was that all
Al was incorporated into a CIAS ﬁlm (Fig. 7 columns – Sets 1 and
3a). However due to the presence of oxygen the data were
recalculated using the sensitivity factor for the Al KLL transition in
Al2O3 (sensitivity factor= 0.265) (Fig. 7 column – Set 3b). The
auger yield for Al in Al2O3 is different than that of crystalline Al,
and there is a slight shift down in expected peak energy from
1390 to 1385 eV. After recalculating the data using the Al2O3
sensitivity, the Al:O ratio shifts dramatically between Sets 3a and
3b, from  3:2 to greater than 2:3. This shift was consistent across
all samples that showed oxygen. The actual Auger proﬁle is
probably a combination of the two sensitivities; with at least part
of the segregated back contact Al in the form of Al2O3. The bulk
XRD data clearly indicate the presence of both crystal structures
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Fig. 9. XPS scan of the Al2p peak of a Set 3 sample at the CIAS/Mo interface. There
is a shift in the binding energy indicating the presence of oxygen in the aluminum,
likely in the form of Al2O3.

in the ﬁlms as well, while these peaks disappear in GIXRD scans.
Any Al present towards the surface must be incorporated into the
CIAS lattice.
To analyze the oxygen-rich back surface XPS was run on the
Set 3 sample seen in the top row of Fig. 7. The innermost area of
the sputter crater was analyzed, right above the exposed Mo. The
only shift found in the scans occurred for aluminum. The expected
binding energy for Al2p is 72.9 eV, with the observed peak at
 75.3 eV. The results indicate the presence of what is either
Al2O3, or a combination of aluminum oxide and aluminum [25]
(Fig. 9). The lack of a clear Al peak suggests the oxidized Al and
crystalline Al found in XRD results are not present together, and
instead are scattered in pockets towards the back surface of the
ﬁlm. No other oxides were found.
The source of the oxygen for Al2O3 formation is not
immediately clear. Since oxygen was only found as Cu and In
surface oxides in the precursor ﬁlms we assume this is not the
source of the contamination. The most obvious source is the
oxygen present in the form of water vapor in the vacuum system.
Since the system is not load-locked each sample change
introduces water vapor, which is not easily removed by the turbo
pump, and cannot be baked-out without heating the precursor
ﬁlms. If Al or Al2Se3 were exposed to water vapor Al2O3 could be
formed. The Al2Se3 + 3H2O-Al2O3 +3H2Se reaction, or the
2Al+ 3H2O-Al2O3 + 3H2: H2 + Se-H2Se reaction would also produce toxic hydrogen selenide gas. The Cu and In selenides, as well
as CIS that forms initially should act as a diffusion barrier
preventing the Al from reacting with oxygen sources in the
vacuum, however if any Al was exposed during deposition this
could be the source of contamination. The Al2Se3 reaction could
also explain the difﬁculty in incorporating adequate Se in the
ﬁlms, as the selenium may be removed in the form of H2Se by the
pumping system.
Oxygen could also have diffused through the Mo from the
soda-lime glass substrate [26]. It seems unlikely that the volume
of oxygen found in the Set 3 ﬁlms would have diffused through
the Mo grains, but this may have been a contributing source.
Oxygen present in the auger system could have contaminated
any elemental Al in the ﬁlm once exposed by ion sputtering. An
experiment was performed using a DC-sputtered Al ﬁlm, scanning
and sputtering under the same time period as was used in Auger
depth proﬁles. Though a small degree of oxygen was found to
react in the time between sputtering and analysis this was never
more than a few percent. Not enough to account for the oxygen
seen in Sets 2 and 3 ﬁlms.
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3.2.4. (1 1 2) peak analysis
An analysis of the (1 1 2) peaks showed an interesting trend in
the data (Fig. 10). Based on the amount of Al in the precursor ﬁlms
the (1 1 2) peaks for Set 1 are expected at 26.771, Set 2  26.891,
and Set 3 27.081, calculated from Vegard’s law. This would be
the case for a single-phase material with all Al present in the
precursor incorporated into the sample. Other than the Set 1
sample selenized at 500 1C this does not occur under these
experimental conditions.
It appears all the samples selenized at 500 1C incorporate more
Al into the CIS structure than their higher temperature counterparts. However, the expected trend would be for more Al to
incorporate at 525 1C rather than 500 1C due to greater interdiffusion at higher temperatures. The peak seen in these 500 1C
samples is likely either a Se-deﬁcient phase, or an indium-rich/
Cu-poor phase. Either would agree with the composition results
obtained with EPMA, and expected shifts according to PDF ﬁles
(79-2208, 79-2207). In the indium-rich case this would be due to
the excess of indium readily available to react with Se and Cu, and
the relative difﬁculty in incorporating the available Al at this
temperature or breaking the Cu–Al bonds that have formed.
At 525 1C, there is a shift in the peaks towards the expected CIS
peak at 26.6241. These samples appear to show a distinct phase
separation, especially in the Sets 1 and 3 samples. These phases
are either a low- and high-Al CIAS phase, or a low-Al CIAS phase
with a phase similar to that seen in the 500 1C case. The results
from the thick samples are not shown, but similar trends were
found.
This data, along with AES measurements and SEM crosssections, explain many of the adhesion issues found. Adhesion is
progressively worse moving from Set 1 (low-Al) to Set 3 (high-Al).
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The Al has not fully incorporated into any of the produced ﬁlms;
instead much of it has formed a secondary layer between the Mo
and CIAS that is at least partly oxidized. As Al-content is increased
the thickness of this layer also increases, resulting in an increase
in voids at this interface. Thicker samples contain more Al relative
to thinner samples. As a result the interface layer grows thicker,
which likely resulted their relatively worse adhesion. Without
alleviating the oxygen problem and incorporating the Al into the
bulk ﬁlm a quality back-contact/absorber interface cannot be
produced.
3.2.5. Device testing
Complete devices were formed on samples without adhesion
loss and tested under AM1.5 conditions. The best device efﬁciency
was found to be 5.2% for a thin Set 1 ﬁlm selenized at 500 1C for
60 min. Open circuit voltage for this device was 0.465 V, short
circuit current was 33.03 mA/cm2, and the ﬁll factor was 33.91%.
All other devices failed to produce power. We attribute these
failures to the highly resistive Al-Al2O3 layer and the resulting
voids that appear to have formed at the interface between the
absorber and Mo.

4. Conclusions
Mixed phase CIAS ﬁlms have been deposited by co-sputtering
of CuInAl precursors followed by selenization with elemental
selenium vapor. While precursor ﬁlms can be deposited free of
bulk oxygen, oxidation cannot be avoided under the conditions
used during selenization. Higher Se ﬂux (12 Å/s) was found to
favor CIS growth and result in poor adhesion compared with 4 Å/s
ﬂux. Limited aluminum incorporation occurred at both selenization temperatures (500 and 525 1C) and both heating times
(40 and 60 min). A longer duration and/or higher temperature
selenization process should result in more diffusion of Al into the
CIAS ﬁlm; however increasing either of these parameters is not
ideal for production environments. Longer selenization times
could result in a bottleneck in the production process. Higher
temperatures increase energy needs and prevent the use of CIAS
as a tandem top cell unless a superstrate setup is engineered.
Another option would be to further thin the ﬁlms, which
would result in a faster selenization process since diffusion
lengths are decreased and less material needs to be reacted. This
may be a better option for a tandem conﬁguration, as the top
absorber will not need to be as thick as a typical single cell
absorber ( Z1 mm). High temperatures ( Z500 1C) will still be
needed however to form the CIAS ﬁlm.

b2

4
Acknowledgements
a2

3
c1

2
b1

1
0
26.6

a1

26.7 26.8
2θ (deg.)

26.9

27

Fig. 10. XRD scans of the (1 1 2) peak showing the shift in peak location for all
thinner samples. Numbers 1, 2, and 3 refer to Set 1, Set 2, and Set 3, respectively.
Selenization conditions are labeled as (a) 500 1C, 60 min, 4 Å/s Se ﬂux, (b) 525 1C,
60 min, 4 Å/s Se ﬂux, and (c) 525 1C, 60 min, 12 Å/s Se ﬂux. The expected peak
location for CIS is included as a reference.
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