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y We measure potential landscapes to evaluate
& the band alighment in electronics materials

* lonization energy map of « Vacuum level map of MoS,
polycrystalline CdTe (one, two, & three monolayer
islands)
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We use photoemission microscopy &

spectroscopy

* Monochromatic light sources combined with an electron
energy filter in photoemission electron microscopy
(PEEM) to acquire electron spectra

— Spatial resolution ~50 — 200nm
— Energy resolution ~0.2 — 0.5eV

» Spectrum is extracted from
each pixel in the image stack
or data cube, and fitted to
create maps

» Deep UV CW source is used
for the work presented here
— A =180 -350nm (hv = 3.54 —
6.89eV): tunable energy photon

using the lab source
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We map /lonization Energy (IE) from
photoemission yield spectra
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A key processing step to improve the grain size &
PV efficiency of CdTe is CdCl, “activation”

* Polycrystalline CdTe photovoltaics
reaching 21.5% efficiency
— Competitor with silicon-based photovoltalcs

CdCl, Treatment 120.22

Our approach: probing Iocal electronic structure
based on photoemission spectroscopy |

* Limited understanding of local processing- _

Stru Ctu re performance relationship Poplawsky et al., Adv. Energy Mater. 4 1400454 (2014)
— Why polycrystalline CdTe outperforms smgle
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N We polished the sample surface to expose the
/ grain interiors and grain boundaries

CdTe, superstrate Polished CdTe surface PEEM i i
figuration intensity image
gon CdCl,-treated CdTe,
i no air exposure
cdcl grain
IARREPEN grains boundaries
Plane of GB

polishin

 Colorado State Univ. superstrate CdTe Grain size ~3 pm

— Closed-space sublimation deposition of CdTe on Mg, ,3Zn, ,O(MZO)/NSG
TEC 10, no rear contacts (~15% efficient with contacts)

— X-ray Photoelectron Spectroscopy, Cd:Te ratios ~5:6 for untreated CdTe,
~11:10 for CdCl,-treated CdTe

— Low-energy sputter-cleaning step
« 50 eV Artions, 10-20 min, ~0.1-0.15 yA+scm fluence
— Inert environment sample transfer: important!

— 30 min air CXPUSLIrS Step Berg, et al., ACS Applied Materials & Interfaces, published online



IE map did NOT show distinct potential at
grain boundaries: WHY?
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* No potential variation at
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Expected grain boundary (GB) contrast appeared
only after exposing CdCl, activated CdTe to air
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Maps of E_.. & IE elucidate complex electronic

structures of grain boundaries (GB)
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) lonization energies govern the band
¢ alignment of designers TMD heterostructures
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Ozcelik, et al., Phys. Rev. B 94, 035125 (2016)

Heterostructures with designed properties can be
created using TMDs




7y We determine E,,. & valence band edge on
\ A n
MoS, multi layers
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Berg, et al., Layer-Dependence of the Electronic Band Alignment of Few-Layer MoS, on SiO,
Measured Using Photoemission Electron Microscopy, Phys. Rev. B, 95, 235406 (2017)



Type | junctions forms between MoS, with
different thicknesses

1ML MoS; 2ML MoS, 3ML MoS;
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& » Type-l band alignment across lateral junctions

« PEEM measurement applicable to other 2D crystals on
300nm thick SiO, on Si

Berg, et al., Layer-Dependence of the Electronic Band Alignment of Few-Layer MoS, on SiO,
Measured Using Photoemission Electron Microscopy, Phys. Rev. B, 95, 235406 (2017)
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How band alignment changes for isoelectric
TMDs
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We measure photoemission spectra from
MoSe,, WS,, and MoS,
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K. Keyshar, et al., Experimental determination of the ionization energies of MoS,, WS,
and MoSe, on SiO, using photoemission electron microscopy, ACS Nano, 11, 8223, 2017
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N\ Experimentally determined ionization energies

match well with those from DFT calculations
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 Knowledge of the band alignment

enables us to predict the properties of

heterostructures

— Decrease from MoS,, WS,, to MoSe,, anticipated

from the electronegativities of the constituent

atoms

Binding energy (8V, & gnsy: ref)

— Very good agreement with DFT with GW approximation
— Heterostructures containing MoS,, WS,, to MoSe, are likely to display

type Il alignment
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K. Keyshar, et al., Experimental determination of the ionization energies of MoS,, WS,,
and MoSe, on SiO, using photoemission electron microscopy, ACS Nano, 11, 8223, 2017



Conclusions

 PEEM coupled to deep ultraviolet (DUV) light sources is an
emerging analytical capability to explore the electronic
properties of spatially inhomogeneous materials

— We determined ionization energies of atomically-thin transition metal
dichalcogenides and deduced their anticipated heterointerface band
alignments

Knowledge of the band alignment
enables us to predict the
properties of heterostructures
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boundaries in polycrystalline CdTe i Omegg
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We have opportunities for higher resolution imaging
and postdoc hiring

He Lamp . .
Hel(21.22¢V) * ~10nm lateral resolution using A = 213
Xe Lamp .
(3.046.9 eV tunable) nm, high power CW laser (future

emas  development)

Broadband
(3.4-4.9eV)

Beam
Separator

omecve © POSTdOC Opportunities (pending)
o — In-situ microscopy to probe potential

J:f?iv’}"" landscape near solid electrolyte-battery
m aser 5 . . .
AAAAAAASS 3 electrode interfaces under voltage biasing
A =210 nm, ultrafast laser o .y

conditions

A =213 nm, A=210 Starting date: late summer 2018
. =210 nm, o artin ale: u
hlgh power CWwW ultrafast laser J .

J. Moseley et al., J. Appl.
Phys. 120, 105704 (2016).
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