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An important challenge in the development of optoelectronic devices for energy conversion 

applications is the search for suitable p!type contact materials. For example, p!type MnTe would 

be a promising alternative back contact to due to their chemical compatibility, but at normal 

conditions it has too narrow band gap due to octahedrally coordinated nickeline (NC) structure. 

The tetrahedrally coordinated wurtzite (WZ) polymorph of MnTe has not been reported, but it is 

especially interesting due to its predicted wider band gap, and because of better structural 

compatibility with CdTe and related II!VI semiconductor materials. Here, we report on the 

stabilization of WZ!MnTe thin films on amorphous indium zinc oxide (a!IZO) substrates 

relevant to photovoltaic applications. Optical spectroscopy of the WZ!MnTe films shows a wide 

direct band gap of -g = 2.7 eV, while PES measurements reveal weak p!type doping with the 

Fermi level 0.6 eV above the valence band maximum. The results of electron microscopy and 

photoelectron spectroscopy (PES) measurements indicate that the WZ!MnTe is stabilized due to 

interdiffusion at the interface with IZO. The results of this work introduce a substrate stabilized 

WZ!MnTe polymorph as a potential p!type contact material candidate for future applications in 

CdTe devices for solar energy conversion and other optoelectronic technologies.
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Main group II!VI compound semiconductors such as CdTe, ZnO, CdS, ZnTe, are important 

materials for optoelectronic applications such as solar energy conversion. All these materials 

crystalize in tetrahedrally bonded zincblende (ZB) or wurtzite (WZ) structures
1,2

. A key

challenge in developing and improving semiconductor devices based on these materials is the 

search for suitable contacts. Important criteria when choosing a contact material are suitable 

optoelectronic properties, chemical compatibility, and structural mismatch at the interface. 

However, many potentially interesting contact materials that are chemically compatible with II!

VI semiconductors crystallize in octahedrally coordinated structures, such as rocksalt (RS) for 

MnS or MnSe
1
. Stabilizing their tetrahedrally coordinated polymorphs would be useful due to

their better structural compatibility with the II!VI semiconductors. An interesting test case 

material in this context for which such polymorphs have been reported is manganese telluride 

(MnTe)
3–5

. MnTe has been extensively studied in the past for its application in dilute magnetic

semiconductors (DMS)
6,7

. In recent years MnTe has been mentioned as a promising back contact

material for CdTe thin film photovoltaic solar cells
8
, where development of alternative Cu!free

back contacts is needed
9
.

Manganese telluride MnTe is distinct from other manganese chalcogenides MnCh (Ch=O,S,Se) 

due to its different ground state crystal structure. At normal temperature and pressure MnTe 

crystallizes in the octahedrally coordinated NiAs!type nickeline structure
1
 (NC), while MnTe2

crystallizes in the pyrite/FeS2 structure (PY)
10

. Other polymorphs of MnTe have been predicted

11
 (see !�����
�) but can only be stabilized under high pressure or using non!equilibrium 

synthesis methods. For example MnTe in NaCl (RS) and wurtzite (WZ) structure could be 

stabilized under high!pressure conditions in a diamond anvil
3,4

, while thin films of ZB!type

MnTe could be synthesized using molecular beam epitaxy (MBE) methods
5
. The tetrahedrally

coordinated non!equilibrium polymorphs zincblende (ZB) and wurtzite (WZ) are rare, but 

especially interesting due to their wider band gaps
12

 and their structural compatibility with CdTe

and other II!VI semiconductors. However the WZ!type MnTe ! even though it has been 

calculated to have low energy above the ground state and synthesized at high pressures ! has not 

been experimentally stabilized at normal conditions, relevant to optoelectronic applications.
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!�����
 ��
 Crystal structures of different MnTe polymorphs: At normal conditions MnTe 

crystallizes in the octahedrally bonded nickeline (NC) structure (bold font). Other possible 

polymorphs include the octahedrally bonded rock salt (RS)! and tetrahedrally bonded wurtzite 

(WZ) structures. 


In this work we report on the stabilization of MnTe films in WZ structure on amorphous IZO 

substrates (a!IZO) using non!equilibrium sputter deposition. Due to the amorphous structure of 

the underlying film, substrate epitaxial templating effects can be ruled out. In addition, the WZ!

MnTe film thicknesses of over 600 nm exceed the critical values typically observed for films 

obtained through strain induced stabilization. Instead, the stabilization of the WZ polymorph is 

the result of inter!diffusion processes, as indicated by detailed studies of the chemical and 

structural properties of the interfacial region. Measurements of the optoelectronic properties of 

the resulting WZ!type MnTe polymorph show weak p!type doping and an increased direct band 

gap of 2.7 eV compared to the NC!type MnTe ground state structure. The results of this work 

introduce a new functional polymorph of this interesting semiconducting compound with 

potential applications as a wide band gap contact layer in optoelectronic devices. 




"�
#������


�!�	�� ���� ��	��"	
������	��� ���� �����
�	

Sputtered MnTe films on glass substrates typically crystallize in the NC ground state structure 

13,14
. Curiously, upon sputtering on n!type amorphous indium zinc oxide (a!IZO) layers a 

stabilization of the WZ polymorph was observed. !�����
"� shows wide!angle X!ray diffraction 

(XRD) measurements of up to 600 nm thick MnTe films on various substrates. The measured 

diffraction pattern are in good agreement with calculated reference patterns
12

 for NC! and WZ!
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 4

type MnTe, respectively. Slight variations in the measured peak position compared the calculated 

reference patterns can be caused by a small, but systematic, uncertainty in theoretical 

calculation
15

 and residual stress in the thin films. Note that these shifts are present in both WZ!

MnTe/a!IZO and NC!MnTe/SiO2 samples. The missing reflections in the XRD patterns of the 

WZ!type films can be explained by a preferential orientation of the WZ!type films. Detector 

images of the films on a!IZO show preferential orientation toward the growth axis (see !�����


"�), an effect commonly observed for sputter deposited thin films
16,17

. Compositional analysis 

using X!ray fluorescence measurements shows anion/cation!ratios close to unity confirming the 

stoichiometry of the MnTe films. No XRD peaks related to ZnO or In2O3 that can be 

crystallization products of a!IZO are observed.  

 

!�����
"�
a) Wide!angle X!ray diffraction measurements of MnTe films deposited on different 

substrates at 320°C. On amorphous IZO coated glass substrates the films crystallize in WZ 

structure. b) 2D detector images indicate preferential orientation of the WZ!MnTe films.


Considering the amorphous structure of the underlying a!IZO and film thicknesses in excess of 

600 nm, the epitaxial templating and strain stabilization effects can be ruled out. As an 

alternative hypothesis, it was investigated if the stabilization mechanism is rather induced by 

charge transfer from the substrate. To test this hypothesis MnTe thin films were sputtered on 

metals with different work functions, specifically Au (5.1 eV) and Al (4.1 eV). Despite the large 

difference in the substrate’s surface potential no difference in the measured NC crystal structure 

Page 4 of 19Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 L
ib

4R
I o

n 
28

/0
5/

20
18

 1
1:

54
:2

2.

View Article Online
DOI: 10.1039/C8TC01828F

http://dx.doi.org/10.1039/c8tc01828f


 5

could be observed. On plain Eagle XG borosilicate glass (EXG), the MnTe films also 

crystallized in NC structure. Only on a!IZO, regardless of the doping level, the films crystallize 

in WZ!structure. Thus mechanisms other than epitaxial templating, strain stabilization, or charge 

transfer must be leading to formation of WZ!MnTe on a!IZO substrates. 

One of the most apparent differences between the NC! and WZ!type MnTe films is the optical 

bandgap (Figure 3). Figure 3d and Figure 3e show photographs of MnTe films grown on glass as 

well as on a!IZO substrates. A strong contrast in optical absorption occurs between areas that 

were coated with a!IZO prior to the MnTe deposition and those without a!IZO coating. UV!Vis 

spectroscopy confirms the optical impression. A significant change in absorption onset occurs 

upon crystallization in the wurtzite structure (!�����
$�). Figure 3b and 3c show Tauc plots for 

the determination of the direct and indirect band gaps, respectively. For NC!type MnTe the 

indirect band gap of 1.25 eV is in good agreement with the reported literature value of ~1.27 

eV
18

. For WZ!type MnTe an indirect band gap of 2.4 eV as well as a direct band gap 2.7 eV 

could be determined, being consistent with band gap values from GW calculations
14

. Some 

absorption below these photon energies are observed, likely due to combination in measurement 

limitation (lack of diffuse scattering collection) and sub!gap defect states in these samples. JV!

measurements on a!IZO/MnTe/Au device stacks show weak rectifying behavior consistent with 

the weak p!type doping of the WZ!MnTe films (see Figure S1 in supporting information). The 

resistivity could be estimated to be on the order of a few 1000 Mcm, which is in good agreement 

with the increase in band gap. For comparison NC!MnTe measures around 1 Mcm
14

; such large 

difference is unlikely to result from the elemental diffusion alone. 
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 6

!�����
$�
UV!Vis spectroscopy results for MnTe films grown on glass and a!IZO at 320°C: a) 

absorption coefficient α; b) Tauc!plot (αE)
2
 for the determination of the direct band gap; c) Tauc!

plot (αE)
1/2

 for the determination of the indirect band gap; d), e) Photographs of 50 x 50 mm 

MnTe films (500nm thickness) with backlight illumination. The measurement spots are indicated 

with circles. 

	

�!�	-���� 
�	��� 
��
�$	

To investigate the stabilization mechanism of WZ!MnTe, as well as the nanostructure of the 

MnTe films, detailed scanning / transmission electron microscopy ((S)TEM) was performed on 

MnTe films grown on glass as well as a!IZO (!�����
%). !�����
%� and !�����
%� show selected 

area electron diffraction (SAED) patterns of MnTe grown on glass and a!IZO, respectively, 

indicating that both MnTe films are polycrystalline, whereas the IZO layer is amorphous 

(consistent with XRD results). On glass MnTe crystallizes in NC!structure, on a!IZO the 

majority phase is WZ!type MnTe. Besides the WZ!type MnTe, diffraction peaks for PY!MnTe2 

and potentially ZB!MnTe are visible on a!IZO substrates. These secondary phases are likely 

formed due to inter!diffusion processes at the a!IZO/MnTe interface, as shown by 10 nm thick 

region in !�����
%�. In contrast, high!resolution TEM imaging of the interfacial regions on glass 

show a well!defined interface for MnTe grown (!�����
%�& Additional images can be found in 

supporting information (Figure S2). 

Energy!dispersive X!ray spectroscopy (EDS) of the interfacial regions confirms the presence of 

diffusion processes at the interface. EDS maps of MnTe grown on a!IZO show a Mn!rich 

interfacial layer followed by a Te!rich depletion region, which is consistent with the presence of 

MnTe2 in the film (Figure 4e). Quantitative line scans indicate Mn!diffusion into the a!IZO layer 

as well as significant amounts of In! and Zn!diffusion into the MnTe layer. Diffusion of Mn and 

Zn appears to be localized within a range of 10nm!20nm around the interface, while In seems to 

diffuse even further into the MnTe!film. Due to the nature of the microscopy measurement 

technique an increased surface roughness of the substrate may result in integration over several 

offset atoms, which may lead to an apparent broadening of the interfacial region. However, this 

effect can be ruled out since AFM studies on similarly processed a!IZO layers showed a surface 
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7

roughness well below 1 nm
19

. For the films on glass no such inter!diffusion can be observed,

instead an overlap in the Si as well as Mn and Te emissions results in overestimated Si!

concentrations in the MnTe layer. 

!�����
 %�
 (S)TEM analysis of MnTe grown on glass and on a!IZO: a),e) SAED of MnTe on 

glass shows mainly NC!type structure, on a!IZO several structures can be observed. Besides 

WZ!type MnTe, diffraction peaks for PY!MnTe2 and potentially ZB!MnTe are visible. b),f) 

High resolution TEM micrographs of the interfacial region. c),g) STEM!EDS analysis of the 

interface regions. At the a!IZO/MnTe interface a Mn!rich interfacial layer can be observed. d),h) 

Quantitative results of EDS line scans over both interfaces indicating inter!diffusion at the a!

IZO/MnTe interface. 

�!�	��
�
����� 
�	����� 
��
�$	���� .���	����$���	

To further elucidate the chemical processes that led to inter!diffusion at the a!IZO/MnTe 

interface observed by EDS, a detailed photoelectron spectroscopy (PES) study was carried out. 

An inter!tool vacuum transport from the deposition chamber to the measurement system was 
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 8

used to perform the interface study at controlled atmosphere and minimal surface contamination 

(see method section). X!ray photoelectron spectroscopy (XPS) spectra were measured for core 

level emissions of In 3d5/2, Zn 2p3/2, O1s as well as Mn 2p3/2, Te 3d5/2 and the valence band (VB). 

!�����
 ' shows detailed spectra of these core level emissions for varying MnTe film 

thickness.!�����
' shows detailed spectra of these core level emissions for varying MnTe film 

thickness. The areal intensity of the core level emissions weighted by their respective atomic 

sensitivity factors gives valuable insight into the chemical composition of the films surface. 

From the relative positions and the shifts of these peaks, chemical reactions and band offsets at 

the interface can be deduced.  

 

!�����
'�
Detailed XP spectra of all relevant core level emissions as well as the valence band 

region for different MnTe film thicknesses. As the MnTe thickness increases an attenuation of 

the In, Zn and O related emissions is observed. A strong shift in the Te3d5/2 core level binding 

energy is observed from the first to the second MnTe deposition cycle. *The broadening in the 

Mn 2p3/2 core level emission could indicate presence of Mn
4+

. 

 

!�����
(� shows the composition of the film surface as a function of MnTe film thickness. The 

strong Zn and In signals for low film thicknesses up to 4.5 nm indicate In and Zn diffusion into 

the MnTe film. This observation could be also due to incomplete coverage of the substrate, but 
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9

given the low roughness of the a!IZO layer
19

 this is unlikely. While the Zn diffusion appears to

occur on a scale of a few nm, In can be measured further into the film. More striking is the 

change of the Mn/Te ratio with increasing MnTe film thickness. Close to the interface the films 

are Te!rich, which is in good agreement with an analysis of the Mn 2p3/2 core level emission. In 

MnTe the charge state is Mn
2+

,, which results in a strong satellite emission at around 645 eV

binding energy
5,20

 as can be seen for film thicknesses > 154 nm. This satellite emission is

comparatively weak for film thicknesses below 4.5 nm indicating the presence and potential 

diffusion of metallic Mn at the interface. In addition a broadening of the Mn2p3/2 core level 

emission could indicate the presence of Mn
4+

 (~642 eV
20

), being consistent with the presence of

MnTe2 at the interface (see SAED!analysis, Figure 4e). 

!�����
 (� shows the evolution of the individual core level binding energies (CLBE) with 

increasing MnTe film thickness. For well!defined interfaces without interfacial reactions CLBE 

of elements associated with the either substrate or film typically shift in parallel. In the present 

case the Te 3d CLBE as well as the valence band maximum of MnTe in particular show a 

different evolution with increasing film thickness, supporting the presence of secondary phases 

such as MnTe2 at the interface. The shift of the Te 3d CLBE is likely to due to a change in 

surface chemistry (MnTe2 to MnTe) rather than band bending. Using the valence band maximum 

and the binding energy (BE) of the In 3d and Zn 2p core levels at intermediate coverage the 

valence band offset can be estimated to be on the order of 2 eV. 

!�����
(�
XPS analysis of the Inter!tool a!IZO/MnTe interface experiment. a) Composition as a 

function of MnTe film thickness. In as well as Zn diffusion can be observed during film growth. 
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 10

b) Evolution of the core level binding energies. Non!parallel shifts that correspond to elements 

within the same material system indicate interface reactions and changes in surface chemistry. 

In addition to the XPS measurements at each deposition step, ultraviolet photoelectron 

spectroscopy (UPS) measurements were carried out on the plain a!IZO substrate and the last 

deposition step, to determine the work function (Φ) of both the a!IZO substrate and the MnTe 

film. !�����
)� shows UPS measurements of the respective materials. By subtracting the BE for 

the secondary electron edge from the excitation energy (He I: hν = 21.22 eV) the work functions 

for a!IZO and MnTe at the free surface were determined to be Φa!IZO = 3.8 eV and ΦMnTe = 4.2 

eV, respectively. With these values and the band gaps from optical spectroscopy (!�����
$) a 

schematic band diagram can be drawn (see !�����
)�).  

 

!�����
)� a) UPS analysis of both a!IZO and MnTe surfaces. The work function can be derived 

from the secondary electron edge b) Work function Φ from UPS and VBM from XPS as a 

function of MnTe film thickness c) Schematic of the band alignment at the a!IZO/MnTe 

interface. Inter!diffusion of In and Zn at the interface as well as the associated interface reactions 

prevent reliable determination of the valence band offset as well as the band bending in either 

material. 

In order to provide ideal band alignment for hole!transport it is beneficial if the ionization 

potentials of the p!type absorber and the back contact layer line up. The ionization potential /P = 
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Φ + -VBM for the WZ!type MnTe layer could be determined to be in the order of 5 eV (see 

!�����
 )�). This is slightly lower than ionization potentials for common p!type thin film 

photovoltaic absorbers (Cu2S, Cu2O: /P ~5.4 eV
21–24

; CdTe: /P: ~5.7 eV
16,25

). While part of this

mismatch could be compensated by band bending in either film, a small valence band offset 

might remain resulting in a barrier for hole transport and increased recombination. Alloying of 

MnTe with other II!VI materials may provide a promising route to preserve the WZ!structure of 

the material while increasing the ionization potential
26

. In addition, such alloying or extrinsic

doping may allow control of the doping level to further improving the interface charge transport 

properties. 

$� *��������	

In this work the WZ polymorph of MnTe was stabilized using non!equilibrium sputtering on a!

IZO substrates. Wide!angle XRD measurements unambiguously confirm the WZ structure of the 

MnTe films (Figure 2a). The film thicknesses well above 600nm indicate that the stabilization 

mechanism is not strain related; neither is it due to charge transfer from the substrate as indicated 

by NC!MnTe deposition on both Al and Au with different work functions. Instead, the results of 

TEM and XPS measurements suggest that inter!diffusion at the interface plays an important role 

in the stabilization of this WZ polymorph on MnTe. Both EDS and XPS measurements clearly 

indicate diffusion of In and Zn into the MnTe film. At the same time EDS measurements on 

cross!sections of MnTe layers on a!IZO show a thin interfacial layer of Mn. XPS measurements 

indicate the presence of metallic Mn at the interface. Together this could be interpreted as 

diffusion of Mn into the a!IZO layer leading to Mn!poor compositions over the first few nm of 

the MnTe film, being consistent with the presence of MnTe2 as observed in SAED patterns.  

There are several possible interdiffusion based mechanisms that could lead to stabilization of 

WZ!MnTe on a!IZO substrates. First, alloying MnTe with ZnTe which is known to crystallize in 

ZB and WZ structure,
26

 may lead to formation of WZ!Mn1!xZnxTe alloys at the interface, which

in turn can lead to templating of WZ!MnTe on these seed layers. A similar templating 

mechanism has been described in literature for ZB!MgS polymorph growth on GaAs 

substrates
27

. Second, the diffusion of Mn into the a!IZO leading to a Te!rich interface region and
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the formation of PY!type MnTe2, which perhaps could also trigger the growth of WZ!type 

MnTe. The dominant stabilization mechanism of the WZ phase, however, remains unknown and 

warrants further investigations that are beyond the scope of this work. If such mechanism could 

be isolated, it may become possible to grow WZ!MnTe on any substrate, facilitating the use of 

this material for CdTe back contacts and other applications.  

In addition, the possible role of trace amounts of In during the nucleation and growth process has 

yet to be fully understood. From TEM measurements of MnTe on a!IZO two growth regions can 

be identified (Figure S1). The crystallinity of the MnTe film seems to increase after the initial 

100!200nm of the MnTe film, which corresponds well with the diffusion depth of In (Figure 4h). 

In this context it is unclear if the presence of In is suppressing the formation of larger crystallites 

or if smaller amounts of secondary phases are formed. Further research would be needed to 

understand the In!related mechanisms of WZ!MnTe stabilization on amorphous IZO substrates. 

'�
�������


In summary we stabilized a previously unreported wurtzite polymorph of the semiconducting 

compound MnTe by sputter deposition on amorphous indium zinc oxide (a!IZO). The 

stabilization mechanism appears not to be limited to a critical film thickness, and not influenced 

by the work function of the substrate. The stabilization is likely related to interdiffusion at the 

WZ!MnTe/a!IZO interface, but the exact mechanism of the stabilization remains to be 

pinpointed. The WZ!type MnTe films show properties that are strikingly different from the 

ground state NC polymorph of MnTe – in particular the increase in optical band gap is 

remarkable. The combination of this >2.4 eV optical band gap and p!type doping make this 

material a potential candidate for future applications as a p!type contact material in 

optoelectronic energy conversion devices such as solar cells or light emitting diodes. 

 

(�
������


0!�	1
������ ���	����	.���	"��
����
�	

The deposition of the MnTe combinatorial libraries was carried out through RF magnetron 

sputtering in a custom UHV sputter tool (AJA International) with a base pressure of 2 × 10
!7
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mbar. Various substrates were used including Eagle XG (EXG) borosilicate glass (Corning) and 

Indium Zinc Oxide (a!IZO) coated EXG glass (more information on the a!IZO deposition can be 

found in the literature
19

). The substrates were heated through a partial thermal contact with a 

heated sample holder. This setup resulted in a temperature gradient across the library ranging 

from 550 °C on the hottest, to 320 °C on the coldest side. This setup resulted in a temperature 

gradient across the substrate covering multiple deposition temperatures in a single experiment. 

The a!IZO used in this study has been shown to exert remarkable thermal stability
19

. However 

substrate temperatures in excess of 550°C led to phase impurities (see also Figure S3) and 

appearance of the nanocrystallites of the amorphous under!layer. For this reason more moderate 

deposition temperatures of 320°C were chosen for this study. 

An orthogonal deposition rate gradient was achieved with a deposition angle of roughly 30° 

and a target to substrate distance of 10 cm. The sputter gun was equipped with a 2” ceramic 

MnTe target (99.9 % purity, Advanced Engineering Materials Ltd), respectively. Pure Argon 

(99.99 % purity) was used as process gas. The process pressure was kept at 2.0 × 10
!3

 mbar for 

the duration of the deposition, as well as for the subsequent cooling step. Depending on the 

position on the substrate, deposition rates between 2.5 nm/min and 4.5 nm/min were achieved. 

The deposition times were chosen to produce film thicknesses in the range of 500 nm to 700 nm. 

More details about deposition procedures in the same chamber can be found elsewhere
28

.  

0!�	��������$2 ��
�)�"	��� ���� �����
�	

The MnTe libraries were investigated in regard to structural, compositional and 

optoelectronic properties using spatially resolved X!ray diffraction (XRD), X!ray fluorescence 

(XRF), UV!Vis measurements. The XRD measurements were performed with a Bruker D8 

Discover x!ray diffractometer with a Vantec 500 area detector in approximately a two!theta 

geometry using Cu Kα radiation. The composition and thickness were mapped using x!ray 

fluorescence (XRF, Fischerscope XDV!SDD). UV!Vis transmission and reflection 

measurements were taken in a custom setup covering a wavelength range from 300nm to 

1100nm. All combinatorial data sets were evaluated with Igor Pro software using customized 

routines. A more detailed description of the characterization procedures can be found in previous 

works.
29

 The deposition and characterization data will be made available at 

https://htem.nrel.gov
30

  

Page 13 of 19 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 L
ib

4R
I o

n 
28

/0
5/

20
18

 1
1:

54
:2

2.

View Article Online
DOI: 10.1039/C8TC01828F

http://dx.doi.org/10.1039/c8tc01828f


 14

0!�	-���� 
�	��� 
��
�$	����$���	

Transmission electron microscopy (TEM) micrographs were acquired with an FEI Co. Talos 

F200X transmission electron microscope with scanning capabilities operating at an accelerating 

voltage of 200 keV. Specimens for TEM were prepared from deposited films via in!situ focused 

ion beam lift!out methods using an FEI Co. Helios Nanolab 600i SEM/FIB DualBeam 

workstation
31

. Specimens were ion milled at 2 keV and 77 pA to remove Ga ion beam damage 

and achieve a final thickness of approximately 80 nm. Structural characterization was conducted 

by acquiring selected area electron diffraction (SAED) patterns on an FEI Co. Ceta 16M pixel 

CMOS camera at a camera length of 410 mm. Platinum from the FIB was used to calibrate the 

camera constant, allowing SAED reflections to be accurately measured and indexed. Chemical 

mapping was performed in the TEM using the Super!X energy!dispersive X!ray spectroscopy 

(EDS) system equipped with four windowless silicon drift detectors, allowing for high resolution 

and count rates. More details on TEM/EDS measurements have been previously published
32

.  

 

0!�	��
�
����� 
�	����� 
��
�$	��� ���� �����
�	

Photoemission spectra were acquired on a Kratos AXIS Nova spectrometer calibrated to the 

core level positions of sputter!cleaned metal (Au, Ag, Cu, Mo) surfaces. Samples were 

transferred between the sputter growth chamber and the XPS instrument in a custom!built high!

vacuum transport pod within NREL’s Process Development and Integration Laboratory (PDIL). 

XP spectra were taken using monochromated Al Kα radiation (1486.7 eV) for excitation at a 

nominal resolution of 400 meV (pass energy 10 eV, step size 0.025 eV, dwell time 120 ms, spot 

size 700 µm
2
). UP spectra were acquired from the He I (21.22 eV) excitation line at an 

experimental resolution below 150 meV. The acquired spectra were all referenced to the 

previously determined Fermi level of the sputter!cleaned metal calibration samples. Four 

measurement spots corresponding to different film thicknesses were defined on the 

combinatorial library. A more detailed description of the Combinatorial PES interface 

experiment can be found in our previous works
33

. 




��+	��������	��
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