
The Center for���
Integrated	



Nanotechnologies	


cchan@sandia.gov 

Calvin	
  K.	
  Chan	
  (PI),	
  Sandia	
  Na)onal	
  Laboratories	
  
Gary	
  Kellogg,	
  Center	
  for	
  Integrated	
  Nanotechnologies	
  
Rommel	
  Noufi,	
  Na)onal	
  Renewable	
  Energy	
  Laboratory	
  
Brian	
  Korgel,	
  The	
  University	
  of	
  Texas	
  at	
  Aus)n	
  
Daniel	
  Dwyer,	
  Photovoltaics	
  Manufacturing	
  Consor)um	
  
	
  

2nd	
  DOE	
  Thin-­‐Film	
  Workshop	
  
09-­‐10	
  October	
  2013,	
  NREL,	
  Golden,	
  CO	
  

Spectroscopic	
  Low-­‐Energy	
  &	
  Photoemission	
  
Electron	
  Microscopy	
  CharacterizaUon	
  of	
  CIGS	
  

1	
  

	
  

U.S.	
  Department	
  of	
  Energy	
  |	
  SunShot	
  IniUaUve	
  
Bridging	
  Research	
  InteracUons	
  through	
  collaboraUve	
  Development	
  Grants	
  in	
  Energy	
  (BRIDGE)	
  

SAND2013-9005C



The Center for���
Integrated	



Nanotechnologies	


cchan@sandia.gov 

BRIDGE	
  Project	
  Overview	
  

2	
  

§  Goal:	
  Develop	
  new	
  metrology	
  tool	
  to	
  measure	
  nanoscale	
  chemical	
  and	
  electronic	
  
structure	
  of	
  PV	
  materials	
  and	
  devices	
  with	
  high	
  fidelity	
  and	
  in	
  real	
  )me.	
  

§  CollaboraUve	
  Research	
  Team	
  

Calvin	
  Chan	
  (PI),	
  Taisuke	
  Ohta,	
  Senior	
  Research	
  Staff	
  
C.	
  Bogdan	
  Diaconescu,	
  Post-­‐doc	
  
Low-­‐energy	
  and	
  photoemission	
  electron	
  microscopy,	
  electron	
  spectroscopy,	
  
electronic/chemical	
  structure,	
  interfaces,	
  materials/device	
  physics	
  

Gary	
  Kellogg,	
  Dis)nguished	
  Research	
  Staff	
  
Normand	
  Modine,	
  Brian	
  Swartzentruber,	
  Principle	
  Research	
  Staff	
  	
  
Low-­‐energy	
  electron	
  microscopy,	
  theory	
  and	
  simula)on	
  of	
  nanoscale	
  
phenomena,	
  nanoscale	
  electronic	
  transport,	
  nanomanipula)on	
  

Rommel	
  Noufi,	
  Principle	
  Scien)st,	
  Group	
  Manager	
  
Lorelle	
  Mansfield,	
  Scien)st	
  
Thin-­‐film	
  PV	
  materials	
  and	
  devices,	
  record-­‐seSng	
  vacuum-­‐deposited	
  CIGS	
  

Brian	
  Korgel,	
  Professor,	
  Chemical	
  Engineering	
  
Doug	
  Pernik,	
  Taylor	
  Harvey,	
  C.	
  Jackson	
  Stolle,	
  Graduate	
  Students	
  
Solu)on-­‐deposited	
  thin-­‐film	
  PV	
  materials	
  and	
  devices,	
  nanopar)cle	
  synthesis	
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20.3% efficiency, which were independently certified by
Fraunhofer ISE.

The external quantum efficiency (EQE) of these 20.1
and 20.3% efficient CIGS solar cell as depicted in Figure 2
show a very nice flat spectral response between 500
and 900 nm on a high level of approximately 90–95%
(in particular for the 20.1% cell). The comparison with
solar cells from the ipe as described in Reference [3]
shows an improved collection between 750 and 1050 nm. A
qualitative comparison with NREL’s 19.9% cell shows a
slight superiority of our EQE between 550 and 1050 nm.

Our cells show a higher open circuit voltage Voc than the
optical band-gap derived from the EQE would suggest.
This can be attributed to the compositional double-grading
of the CIGS absorber (high Ga content at the front and at
the back; low Ga content region near the front) which we
normally see when employing our CIGS process. This
grading separates the optical from the electrical band-gap.

Apart from this result, it is important to note that
these record cells are not single incidences but part of a
high-efficiency baseline. Figure 3 (baseline data up to
April 2010) shows the development of the baseline
results beyond 19%. A great number of over 180 cells
could reach or exceed an efficiency of 19.0%. The
frequency F of CIGS solar cells with efficiencies h equal
to or greater than the number stated in brackets is as
follows: F(h! 19.0%)¼ 186, F(h! 19.5%)¼ 63, F(h!
19.9%)¼ 13, F(h! 20.0%)¼ 5 and F(h! 20.1%)¼ 4.
These results show a high degree of stability and
reproducibility of the new high-efficiency baseline.

From these results we have analysed the I/V-
characteristics of cells with an efficiency of 20% or
better in more detail as shown in Table I including the
latest 20.3% cell. The diode parameters as the shunt
resistance rp, the series resistance rs, the saturation current
density J0 and the ideality A are extracted from illuminated
I/V-curves. Comparing the average values of the best
five of these cells with the 19.9% cell form NREL
(Voc¼ 690mV, FF¼ 81.2%, Jsc¼ 35.5mA/cm2, J0¼
2.1# 10$12 A/cm2, A¼ 1.14, rs¼ 0.37V cm2), we can
see that our cells have a higher Voc (þ26mV), a lower FF
($3.2%), a higher Jsc (þ0.5mA/cm2), a higher J0 (by one
to two orders of magnitude), a higher A (þ0.27) and a
lower rs ($0.12V cm2). This comparison shows that there
are still several paths to the 20% efficiency level for CIGS
solar cells, which allows us to assume that there is still
room for improvement even on this high performance
level.

These results are supported by Figures 4 and 5, which
show the distribution of A and J0 for 64 CIGS cells with
efficiencies equal to or greater than 19.5%. The average
value for this big set of cells for A is 1.44. Most of the
cells’ J0 values range between 1.4# 10$11 and 1.4#
10$10 A/cm2.

Finally, we have analysed the correlation between the
efficiency of the same set of 64 cells and their average
composition determined by X-ray Fluorescence (XRF).

Figure 1. I/V-curve of independently certified (by Fraunhofer ISE

on 15th of April and 30th of June 2010) newworld record cells of

20.1% (cell area: (0.5028&0.0015) cm2) and 20.3% (cell area:

(0.5015& 0.0063) cm2) efficiency.

Figure 2. External quantum efficiency of the 20.1 and 20.3%

record cells (measured by Fraunhofer ISE) and comparison to ipe

results.

Figure 3. High-efficiency baseline statistics: frequency F of

CIGS solar cells with efficiencies equal to or greater than

19%: F(h! 19.0%)! 186, F(h! 19.5%)¼ 63, F(h! 19.9%)¼
13, F(h!20.0%)¼ 5, and F(h!20.1%)¼ 4.

Prog. Photovolt: Res. Appl. 2011; 19:894–897 ! 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

895

P. Jackson et al. High efficiencies for Cu(In,Ga)Se2

§  Highest	
  performing	
  thin-­‐film	
  PV	
  
§  ≳	
  20%	
  efficiency	
  (ZSW,	
  NREL)	
  
§  Poten)ally	
  low	
  cost	
  and	
  flex	
  
§  Good	
  outdoor	
  performance	
  and	
  stability	
  
§  Radia)on	
  hard	
  

§  Growing,	
  but	
  limited	
  understanding	
  
§  Complicated	
  phase	
  diagram	
  
§  Difficult	
  to	
  control	
  phases	
  over	
  large	
  areas	
  
§  Role	
  of	
  surfaces	
  and	
  interfaces	
  s)ll	
  debated	
  
§  “Improvements	
  by	
  design”	
  is	
  limited	
  

Jackson et al, Prog. Photovolt: Res. Appl. 19:894 (2011). Stanbery, Crit. Rev. Sol. State Mater. Sci. 27:73 (2002). 

Pseudobinary Phase Diagram of CIGS 
I-V of Record CIGS Cells from ZSW 

(Certified by Fraunhofer ISE) 
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§  Many	
  efforts	
  to	
  correlate	
  processing-­‐structure-­‐property	
  relaUonships	
  
§  Scanning	
  (Auger)	
  Electron	
  Microscopy	
   	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  [e.g.,	
  Hetzer	
  et	
  al,	
  Appl.	
  Phys.	
  Le,.	
  86:162105	
  (2005)]	
  

§  Scanning	
  Tunneling	
  Microscopy	
  and	
  Spectroscopy	
  	
  	
  	
  	
  [e.g.,	
  Azulay	
  et	
  al,	
  Phys.	
  Rev.	
  Le,.	
  108:076603	
  (2012)]	
  
§  (Scanning)	
  Transmission	
  Electron	
  Microscopy	
   	
  	
  	
  [e.g.,	
  Abou-­‐Ras	
  et	
  al,	
  Phys.	
  Rev.	
  Le,.	
  108:075502	
  (2012)]	
  

§  Func)onal	
  Scanning	
  Probe	
  Microscopies	
   	
   	
   	
   	
  	
  [e.g.,	
  Li	
  et	
  al,	
  IEEE	
  J.	
  Photovolt.	
  2:191	
  (2012)]	
  

§  Depth	
  Sensi)ve	
  Spectroscopy	
   	
   	
   	
   	
   	
  	
  	
  [e.g.,	
  Bär	
  et	
  al,	
  Appl.	
  Phys.	
  Le,.	
  93:244103	
  (2008)]	
  

Mo 

Interface Layer: 
Cu-depleted ODC (β) 
Higher bandgap (1.6 eV) 
Higher e- density 

Grain Interior: 
Stoichiometric (α) 
Lower bandgap (1.1 eV) 
Higher h+ density 
p-type 

e- 
h+ 

Open Questions 
 

Depletion or inversion? 
 

Energy level (band) alignment? 
 

Hole/electron barrier? 
 

Space charge region? 
 

How do holes get out? 
 

Nanoscale phase segregation? 
 

Variations? Junction: 
Built-in potential, φ 
(~0.5 eV?) 
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§  Low	
  Energy	
  /	
  Photoemission	
  Electron	
  Microscopies	
  (LEEM	
  /	
  PEEM)	
  
Similar	
  to	
  TEM	
  and	
  SEM,	
  but	
  uniquely	
  different.	
  

TEM LEEM / PEEM SEM 
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§  Low	
  Energy	
  /	
  Photoemission	
  Electron	
  Microscopies	
  (LEEM	
  /	
  PEEM)	
  
SpaUally-­‐resolved	
  electronic	
  and	
  chemical	
  structure	
  (PES,	
  EELS,	
  AES,	
  SES,	
  LEED,	
  etc.)	
  

§  Sandia	
  is	
  a	
  leader	
  in	
  the	
  development	
  and	
  applicaUon	
  of	
  LEEM	
  /	
  PEEM.	
  
	
  3	
  PEEM	
  /	
  LEEM	
  systems,	
  6+	
  FTE	
  with	
  150+	
  years	
  exper)se,	
  5+	
  external	
  “users”	
  per	
  year,	
  	
  
	
  studying	
  a	
  variety	
  of	
  materials	
  systems	
  

Beam	
  
Separator	
  

Objec)ve	
  
Lens	
  

Sample	
  

Electron	
  
Energy	
  
Analyzer	
  
(Filter)	
  

hν = 21.2, 
40.8 eV 

Veneklasen, Rev. Sci. Instrum. 63:5513 (1992). 

§  5-­‐10	
  nm	
  spaUal	
  resoluUon	
  
§  50-­‐100	
  meV	
  spectral	
  resoluUon	
  
§  Live-­‐Ume	
  imaging	
  of:	
  

§  Surface	
  topology	
  and	
  crystallography	
  
§  Electronic	
  and	
  chemical	
  structure	
  
§  Carrier/field	
  distribu)on	
  
§  Fermi-­‐level/surface	
  
§  Interfacial	
  band	
  alignment	
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§  For	
  each	
  pixel	
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§  NREL	
  Cu(In0.6Ga0.4)Se2	
  Samples*	
  
§  3-­‐stage	
  vacuum-­‐deposi)on	
  on	
  SLG/Mo,	
  no	
  top	
  contacts.	
  
§  X-­‐ray	
  fluorescence:	
  Cu(III)	
  =	
  0.913,	
  Ga(III)	
  =	
  0.39.	
  
§  Material	
  would	
  typically	
  produce	
  ~17-­‐20%	
  efficient	
  devices.	
  
	
  

§  Microcrystalline,	
  size	
  ~1-­‐2	
  µm	
  
§  Faceted	
  surface	
  

NREL	
  3-­‐Stage	
  CIGS	
  Sample	
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*Repins et al, Prog. Photovolt: Res. Appl. 16:235 (2008). | Jiang et al, Appl. Phys. Lett. 84:3477 (2004). 
illustrating the sample emissivity change during the
portion of the deposition when the sample is Cu rich.6

Processing of the record device differed from that
previously described in three respects. Most notably,
the third stage was terminated without Ga.7 Through
the majority of the deposition, Ga and In fluxes were
delivered in the typical Ga/(InþGa)"0#3 ratio.
However, during the last 10 s of the deposition, about
25 Åof In were delivered in the absence of Ga. Second,
after the deposition was terminated, the sample was
subjected to a 2#5-min anneal in Se while the sample
temperature was maintained at "6008C. Third, a
2-min, 2008C air anneal was performed after the CdS
deposition. Similar anneals have yielded small
improvements in fill factor and voltage for devices
with efficiencies greater than 15%.8 We believe that
these three empirical processing changes create a
near-surface region in the CIGS with reduced
recombination.

DEVICE CHARACTERIZATION

The current–voltage characteristics of the 19#9%-
efficient device were measured by the Device

Performance Group9 at NREL under AM1#5 global
spectrum at 258C. Total-area device parameters are as
follows: open-circuit voltage (Voc)¼ 0#690V, short-
circuit current density (Jsc)¼ 35#5mA/cm2, fill factor
(FF)¼ 81#2%, efficiency¼ 19#9%, and device area¼
0#419 cm2. The uncertainty in the efficiency measure-
ment is estimated at 3% relative.

Figure 2 compares the relative quantum efficiency
(QE) of the new record device with those of four earlier
record devices. The new device is within the envelope
of the older record devices in terms of CdS thickness
(deduced from absorption around 450 nm) and optical
bandgap (as evidenced by the long-wavelength
response cut-off). Normalizing the relative QE to the
measured short-circuit current implies that the
maximum value of the external QE is 96#5% at 824 nm.

The first six columns of Table I list the current
density–voltage (J–V) parameters for each device
graphed in Figure 2. Although Voc and Jsc are similar to
the older devices, the new device demonstrates a clear
improvement in FF. In fact, the 81#2% FF exceeds
previous thin-film records for this parameter.10 Diode
analysis of the J–V data11 indicates that the improved
FF is due to decreased recombination, not series
resistance. The last three columns Table I compare
series resistance R, diode quality factor A, and diode
saturation current density J0 for each of the devices of
Figure 2. A clear drop in diode quality factor and
saturation current has accompanied the recent effi-
ciency improvement. In Figure 3, the associated
increased slope of the log J–V plot is apparent, either
whether one views the raw data (Figure 3a), or data

Figure 1. Deposition data for CIGS film M2992.

Figure 2. Relative quantum efficiency of five record NREL
devices.
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illustrating the sample emissivity change during the
portion of the deposition when the sample is Cu rich.6

Processing of the record device differed from that
previously described in three respects. Most notably,
the third stage was terminated without Ga.7 Through
the majority of the deposition, Ga and In fluxes were
delivered in the typical Ga/(InþGa)"0#3 ratio.
However, during the last 10 s of the deposition, about
25 Åof In were delivered in the absence of Ga. Second,
after the deposition was terminated, the sample was
subjected to a 2#5-min anneal in Se while the sample
temperature was maintained at "6008C. Third, a
2-min, 2008C air anneal was performed after the CdS
deposition. Similar anneals have yielded small
improvements in fill factor and voltage for devices
with efficiencies greater than 15%.8 We believe that
these three empirical processing changes create a
near-surface region in the CIGS with reduced
recombination.

DEVICE CHARACTERIZATION

The current–voltage characteristics of the 19#9%-
efficient device were measured by the Device

Performance Group9 at NREL under AM1#5 global
spectrum at 258C. Total-area device parameters are as
follows: open-circuit voltage (Voc)¼ 0#690V, short-
circuit current density (Jsc)¼ 35#5mA/cm2, fill factor
(FF)¼ 81#2%, efficiency¼ 19#9%, and device area¼
0#419 cm2. The uncertainty in the efficiency measure-
ment is estimated at 3% relative.

Figure 2 compares the relative quantum efficiency
(QE) of the new record device with those of four earlier
record devices. The new device is within the envelope
of the older record devices in terms of CdS thickness
(deduced from absorption around 450 nm) and optical
bandgap (as evidenced by the long-wavelength
response cut-off). Normalizing the relative QE to the
measured short-circuit current implies that the
maximum value of the external QE is 96#5% at 824 nm.

The first six columns of Table I list the current
density–voltage (J–V) parameters for each device
graphed in Figure 2. Although Voc and Jsc are similar to
the older devices, the new device demonstrates a clear
improvement in FF. In fact, the 81#2% FF exceeds
previous thin-film records for this parameter.10 Diode
analysis of the J–V data11 indicates that the improved
FF is due to decreased recombination, not series
resistance. The last three columns Table I compare
series resistance R, diode quality factor A, and diode
saturation current density J0 for each of the devices of
Figure 2. A clear drop in diode quality factor and
saturation current has accompanied the recent effi-
ciency improvement. In Figure 3, the associated
increased slope of the log J–V plot is apparent, either
whether one views the raw data (Figure 3a), or data

Figure 1. Deposition data for CIGS film M2992.

Figure 2. Relative quantum efficiency of five record NREL
devices.
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read from the left axis. Filled symbols indicate Cu ratio
and are read from the right axis. The 19!9% CIGS
exhibits a slightly lower Ga ratio near the surface of the
film than does the comparison piece, suggesting that
some vestige of the In-only termination survives the
high-temperature processing. The Cu ratio for both
films shows reduced values near the surface, typical of
the defect chalcopyrites15 found in high-efficiency
devices.
Figure 5 shows a scanning electron microscope

(SEM) cross section and plan view of a portion of the
CIGS/Mo/SLG film that was not finished into devices.
As expected, the cross section (Figure 5a) shows large

grains extending from the back to the front of the film.
The CIGS is 2!2mm thick via SEM cross-section or by
mechanical profilometer. This thickness is about
0!5mm thinner than previous record devices. As
improved performance in the record device was due to
decreased recombination rather than decreased series
resistance, the thinner absorber layer is not likely an
essential characteristic of the improved device. An
atypical feature of the plan view (Figure 5b) is the
appearance of voids in the CIGS. Other work has
linked voids in CIGS with excess Se,16 thus these voids
may be a product of the fluctuation of the Se rate to
high values (see Figure 1).

CONCLUSIONS

A new record efficiency of 19!9% was demonstrated
for a CIGS solar cell. The device exhibits significantly
lower recombination and higher fill factor than earlier
devices. Slight modifications to the CIGS surface are
believed to be responsible for the improved perform-
ance.
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read from the left axis. Filled symbols indicate Cu ratio
and are read from the right axis. The 19!9% CIGS
exhibits a slightly lower Ga ratio near the surface of the
film than does the comparison piece, suggesting that
some vestige of the In-only termination survives the
high-temperature processing. The Cu ratio for both
films shows reduced values near the surface, typical of
the defect chalcopyrites15 found in high-efficiency
devices.
Figure 5 shows a scanning electron microscope

(SEM) cross section and plan view of a portion of the
CIGS/Mo/SLG film that was not finished into devices.
As expected, the cross section (Figure 5a) shows large

grains extending from the back to the front of the film.
The CIGS is 2!2mm thick via SEM cross-section or by
mechanical profilometer. This thickness is about
0!5mm thinner than previous record devices. As
improved performance in the record device was due to
decreased recombination rather than decreased series
resistance, the thinner absorber layer is not likely an
essential characteristic of the improved device. An
atypical feature of the plan view (Figure 5b) is the
appearance of voids in the CIGS. Other work has
linked voids in CIGS with excess Se,16 thus these voids
may be a product of the fluctuation of the Se rate to
high values (see Figure 1).

CONCLUSIONS

A new record efficiency of 19!9% was demonstrated
for a CIGS solar cell. The device exhibits significantly
lower recombination and higher fill factor than earlier
devices. Slight modifications to the CIGS surface are
believed to be responsible for the improved perform-
ance.
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films shows reduced values near the surface, typical of
the defect chalcopyrites15 found in high-efficiency
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Figure 5 shows a scanning electron microscope
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for a CIGS solar cell. The device exhibits significantly
lower recombination and higher fill factor than earlier
devices. Slight modifications to the CIGS surface are
believed to be responsible for the improved perform-
ance.
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read from the left axis. Filled symbols indicate Cu ratio
and are read from the right axis. The 19!9% CIGS
exhibits a slightly lower Ga ratio near the surface of the
film than does the comparison piece, suggesting that
some vestige of the In-only termination survives the
high-temperature processing. The Cu ratio for both
films shows reduced values near the surface, typical of
the defect chalcopyrites15 found in high-efficiency
devices.
Figure 5 shows a scanning electron microscope

(SEM) cross section and plan view of a portion of the
CIGS/Mo/SLG film that was not finished into devices.
As expected, the cross section (Figure 5a) shows large

grains extending from the back to the front of the film.
The CIGS is 2!2mm thick via SEM cross-section or by
mechanical profilometer. This thickness is about
0!5mm thinner than previous record devices. As
improved performance in the record device was due to
decreased recombination rather than decreased series
resistance, the thinner absorber layer is not likely an
essential characteristic of the improved device. An
atypical feature of the plan view (Figure 5b) is the
appearance of voids in the CIGS. Other work has
linked voids in CIGS with excess Se,16 thus these voids
may be a product of the fluctuation of the Se rate to
high values (see Figure 1).

CONCLUSIONS

A new record efficiency of 19!9% was demonstrated
for a CIGS solar cell. The device exhibits significantly
lower recombination and higher fill factor than earlier
devices. Slight modifications to the CIGS surface are
believed to be responsible for the improved perform-
ance.

Acknowledgements

This work was performed for the US Department of
Energy Photovoltaics program under contract
DE-AC36-99GO10337 to NREL. The authors would
like to thank F. Hasoon at NREL for discussion of film
growth, and T. Moriarty and K. Emery at NREL for
cell characterization.

REFERENCES

1. Ramanathan K, Contreras MA, Perkins CL, Asher S,
Hasoon FS, Keane J, Young D, Romero M, Metzger W,
Noufi R, Ward JS, Duda A. Properties of 19!2% effi-
ciency ZnO/CdS/CuInGaSe2, thin-film solar cells. Pro-
gress in Photovoltaics Research and Applications 2003;
11: 225–230.

2. Contreras MA, Egaas B, Ramanathan K, Hiltner J,
Swartzlander A, Hasoon F, Noufi R. Progress toward
20% efficiency in Cu(In,Ga)Se2 polycrystalline thin-film
solar cells. Progress in Photovoltaics Research and
Applications 1999; 7: 311–316.

3. US Patent No. 5,441,897 (15 August 1995) and US
Patent No. 5,436,204 (25 July 1995).

4. Contreras MA, Tuttle JR, Gabor A, Tennant A, Rama-
nathan K, Asher S, Franz A, Keane J, Wang L, Scofield J,
Noufi R. High efficiency Cu(In,Ga)Se2-based solar cells:
processing of novel absorber structures. ConferenceFigure 5. SEM cross section (a) and plan view (b) of M2992.

Published in 2008 by John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2008; 16:235–239
DOI: 10.1002/pip

238 I. REPINS ET AL.

2 µm 

1 µm 



The Center for���
Integrated	



Nanotechnologies	


cchan@sandia.gov 

§  NREL	
  Cu(In0.6Ga0.4)Se2	
  Samples	
  
§  Clean	
  surface	
  diffrac)on	
  paqerns	
  difficult	
  due	
  to	
  small	
  grains	
  and	
  face)ng.	
  
§  Some	
  grains	
  ≳	
  5	
  µm	
  and	
  rela)vely	
  ||	
  to	
  imaging	
  plane.	
  
§  LEED:	
  5	
  mm	
  aperture	
  over	
  these	
  grains.	
  

	
  
§  Microcrystalline,	
  size	
  ~1-­‐2	
  µm.	
  
§  Faceted	
  surface.	
  

Surface	
  Structure	
  with	
  LEED	
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Contreras et al, Thin Solid Films 361:167 (2000). 
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§  NREL	
  Cu(In0.6Ga0.4)Se2	
  Samples	
  
§  Clean	
  LEED	
  paqerns	
  difficult	
  due	
  to	
  small	
  grains	
  and	
  face)ng.	
  
§  Some	
  grains	
  ≳	
  5	
  µm	
  and	
  rela)vely	
  ||	
  to	
  imaging	
  plane.	
  
§  LEED:	
  5	
  mm	
  aperture	
  over	
  these	
  grains.	
  

	
  
§  Hexagonal	
  pafern	
  consistent	
  with	
  CIGS	
  {112}	
  surface	
  terminaUon.	
  
§  QuanUficaUon	
  of	
  the	
  lajce	
  parameter	
  is	
  a	
  work	
  in	
  progress.	
  

Surface	
  Structure	
  with	
  LEED	
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§  NREL	
  Cu(In0.6Ga0.4)Se2	
  Samples	
  
§  LEEM-­‐IV:	
  Intensity	
  (I)	
  vs.	
  Start	
  Voltage	
  (V)	
  ⇒	
  Stack	
  of	
  images	
  as	
  a	
  func)on	
  of	
  Vs.	
  

	
  Extract	
  an	
  IV	
  spectrum	
  for	
  each	
  pixel	
  by	
  tunneling	
  through	
  the	
  stack.	
  

	
  
	
  
	
  
	
  

§  Significant	
  variaUons	
  in	
  the	
  grain	
  boundary	
  potenUal:	
  φ	
  =	
  0.1-­‐1.4	
  V	
  (larger	
  than	
  other	
  reports).	
  

Work	
  Func)on	
  Mapping	
  with	
  LEEM-­‐IV	
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§  NREL	
  Cu(In0.6Ga0.4)Se2	
  Samples	
  
§  PEEM-­‐IV:	
  He	
  plasma	
  discharge	
  lamp	
  (21.22	
  eV,	
  40.8	
  eV)	
  

	
  	
  Intensity	
  (I)	
  vs.	
  Start	
  Voltage	
  (V)	
  ⇒	
  Stack	
  of	
  images	
  as	
  a	
  func)on	
  of	
  Vs.	
  
	
  	
  Extract	
  an	
  IV	
  spectrum	
  for	
  each	
  pixel	
  by	
  tunneling	
  through	
  the	
  stack.	
  

§  Very	
  )me-­‐intensive	
  experiment	
  –	
  4	
  hours	
  per	
  dataset.	
  

	
  
	
  
	
  

§  Work	
  funcUon	
  from	
  secondary	
  electron	
  onset:	
  φ	
  =	
  0.5	
  V	
  (consistent	
  with	
  other	
  reports).	
  	
  
§  Lots	
  of	
  carbons	
  and	
  oxides	
  based	
  on	
  feauture	
  at	
  Vs	
  =	
  8-­‐12	
  V.	
  

Electronic	
  Structure	
  Mapping	
  with	
  PEEM-­‐IV	
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§  Different	
  probing	
  depths	
  of	
  different	
  techniques.	
  

What’s	
  the	
  Difference	
  Between	
  LEEM	
  /	
  PEEM?	
  

16	
  

Mo 

e- 
h+ 

Electron Inelastic Mean Free Path 

E
sc

ap
e 

D
ep

th
 (Å

) 

Electron Kinetic Energy (eV) 

LEEM-IV 

SEM 

LEEM-IV 
(50-100 nm) 

SEM 
(5-50 nm) 

Scanning Probes 
(Surface) 
PES / PEEM-IV 
(2-5 nm) 

GB Interior HCO 

Δ1	



Ec 

Ev 

EF 

“Evac” 

GB HCO 

Δ2	



PEEM-IV measures 
work function. 
 
LEEM-IV measures 
work function +  
electrostatic field 
accessible within the  
mean free path of  
incident electrons.  
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Conclusion	
  and	
  Next	
  Steps	
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§  Conclusions	
  
§  LEEM	
  /	
  PEEM	
  promising	
  for	
  characterizing	
  chemical	
  and	
  electronic	
  structure	
  of	
  CIGS.	
  
§  Different	
  contrast	
  mechanisms	
  highlight	
  CIGS	
  morphology,	
  grain	
  boundaries,	
  etc.	
  
§  Selec)ve	
  area	
  LEED	
  directly	
  confirms	
  {112}	
  surface	
  face)ng	
  of	
  CIGS.	
  
§  φmax	
  =	
  1.4	
  V	
  or	
  0.5	
  V	
  depending	
  on	
  measurement	
  technique.	
  

§  Next	
  Steps	
  
§  Need	
  to	
  verify	
  LEEM-­‐IV	
  results.	
  
§  Sample	
  processing:	
  spuqering,	
  focused	
  ion	
  beam	
  milling.	
  
§  New	
  light	
  sources	
  to	
  improve	
  data	
  collec)on	
  efficiency	
  in	
  PEEM.	
  
§  Correlate	
  GB	
  poten)als	
  with	
  nanoscale	
  charge	
  transport.	
  
§  Real	
  )me	
  dynamical	
  studies	
  (e.g.,	
  seleniza)on,	
  ion	
  migra)on,	
  etc.)	
  


