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NIST Center for Nanoscale Science and Technology (CNST) 

 NIST’s nanotechnology user facility.  

 Enables innovation by providing rapid access to the 
tools needed to make and measure nanostructures to 
anyone who needs them, with a particular emphasis 
on helping industry. 

 Provides access in two ways.  In our “NanoFab”, researchers can access a 
commercial state-of-the-art tool set at economical hourly rates, along with help 
from our dedicated, full-time technical support staff. 

 In our “NanoLab”, researchers can access the next generation 
of tools and processes through collaboration with our 
multidisciplinary research staff, who are developing new 
measurement and fabrication methods in response to national 
nanotechnology needs. 

 The CNST serves as a hub linking the external community to 
the nanotechnology-related measurement expertise at NIST 
(nano@nist.gov) 

 

 



Characterization tools and methods for thin-film 
PVs 

 Problem: 
 Low efficiency of many photovoltaic (PV) technologies 
 Poorly known impact of micro/nano structure   

 Mission: 
 Develop and make available to research participants (RPs) a suite of 

tools and methods to characterize the impact of micro- and nano-
structure on performance of Photovoltaic devices 

 PV technologies (RPs) 
 .CdTe (U. Toledo, GE/First Solar) 
 CIGS (U. Toledo, NRL) 
 CZTS (DuPont) 
 Si – both thin film and high efficiency (NREL) 
 (New) perovskites (U. Nebraska) 
Organic PV  
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Outline 

 Photovoltaic devices  
 PV device basics & PV technologies 

 Electron Beam Induced Current for Nanoscale 
Characterization 
 Example: Charged grain boundaries in CdTe 
 Problem with quantitative interpretation of EBIC 
 Effects considered: 
 Surface damage 
 Surface band bending 
 High injection and screening 

 Further possible contributions: 
 E-beam generation rate in “dirty” materials 
 Extreme low mobility in p-n junction 

 Summary 
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PV basics: Absorbing light => generating heat 
and carriers 
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PV basics: Extracting charge with a p-n junction 

Output 
Power 
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Energy lost due to: 
1. Recombination 
2. Leakage  



PV technologies and research trends: 
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Mature technology 
High purity (large Ln, p)  
 
Thick ( to maximize light 
absorption)  
Adds significantly to overall cost 

Relatively mature technology 
Direct band gap=>high 
absorption coefficient 
Use very little material 
Substrates: glass, metal foil, 
polymer 

Glass substrate 

Active layer 
( -

acceptor 
molecules) 

Cathode 

Anode 

Poly (3-hexylthiophene) 
(P3HT) 

acceptor 

Phenyl-C61-butyric acid 
methyl ester 

(PCBM) 

Organic PVs: Thin-film inorganic PVs: Single crystal Si PVs: 
 CIGS, CdTe 

Efficiency is far from 
theoretical limit 
Some components are in 
sparse supply 
Trends: higher efficiency, 
lower manufacturing cost,  
(earth-abundant) materials  

Trends: higher efficiency, 
new (organic-inorganic) 
materials 

Trends: Reducing cost, 
higher efficiency,  

Direct band gap 
Potential for low cost 
Low efficiency  
Reliability 



Methods to measure local PV properties: 
 Combination of tools / techniques: 
 Local probing  
 Nanocontacts (e-beam lithography, FIB deposition) 
 Scanning probes 
 Cathodoluminescence 

 Local excitation 
 Electron beam 
 E-beam downconverted to optical wavelengths 
 Near-field optical microscopy (NSOM) 

 Sample preparation (sectioning, nanocontacts, lamellas etc.) 
 Correlation with structural /compositional characterization (TEM, EDX, 

EBSD) 
Modelling 
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Nanoscale characterization of PV: 
local collection vs. local excitation 
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Glass substrate 

Active layer 
( -acceptor 

molecules) 

Cathode / Local Probe 

Anode 

- 
- 

+ 
Recombine 

+ 

CdTe / p-type 

CdS / n-type - 
+ 

- 
+ 

Local contact 

1. e-h separation at contact interfaces (OPV):  
local collection + large area excitation  

2. e-h separation at p-n junction:  
local excitation + local / large area collection  

a) large area excitation: e-h are separated 
at p-n junction everywhere  

- 
+ 

b) local excitation: characteristic of 
injection point  



Electron beam generates electron-hole pairs. 
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( ) ( )
( )

deposited e-beam energy
# of EHPs

3 energy band-gap
≈

×

C. Klein, J. Appl. Phys. 39 (4), 2029 (1968)  

(e.g.,) CdTe: EG=1.5 eV, Eb=10 keV (backscattered electron losses ≈30 %)   ⇒ ≈1600 ehp 

( ) ( )
( )

=
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Injection bulb depends on e-beam energy 
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“Electron range” ~ (Beam Energy)5/3 

Bulb - Monte Carlo (5 kV) 

100 nm 

200 nm 90% 

50% 

-100 nm 100 nm 



Example: microstructure of thin-film PV (CdTe)  
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 Comprised of grains (a few µm in size):  lots of grain boundaries (GB) 
 Local variation of chemical composition, defects 
 Inhomogeneous (photo)current 
→  impact of GBs on efficiency – mainly unknown 

top view cross section 

Need for metrology to access properties of individual GB / GI (grain interior) 
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EBIC in polycrystalline materials 

SEM 

2 µm 
5 kV (b=70 nm) 10 nA 

0 A 

5 µm 

In CdTe, grain 
boundaries collect 
more current. 

In Si, grain 
boundaries 
collect less 

current. 

contact 

5 kV (b=70 mm) 



CdTe: Grain Boundaries efficiently collect carriers 
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 Higher current at GBs 

FIB-sectioned sample 

Passivated GBs confine and direct 
carriers, reducing recombination 
and increasing IQE. 

Top view 



(Initial) CdTe modelling: photocurrent and leakage 
is at grain boundaries 
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 Charged GBs improve photocurrent collection at zero voltage 
 Charged GBs also increase leakage current at Voc (from model) 

and (possibly) recombination 

 Overall impact of charged GBs on efficiency:  
 Positive (low quality devices)  

 Negative (high quality devices) 

Grain  
boundary 

EBIC (photocurrent) Leakage current at Voc 

Experiment: GB vs. grain 
center, back side injection 



(Photons  electrons)  :  (Solar Cell  EBIC) 
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Surfaces in EBIC (1) 

Enhanced 
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Unsolved problem with quantitative EBIC (1) 
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 eEBIC of FIB milled device is low 
at low keV (<10 keV). 

 eEBIC at high keV (>15 keV) is 
about 60%. 



Example 2: surface 
preparation affects EBIC 
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 FIB  smooth surface 
 EBIC efficiency of FIB milled sample 

is very low (<10%). 

CZTSSe (cleaved; 5 keV) 

After FIB (5 keV) 

1 µm 

1 µm IEBIC, max ≈30 nA 

SEM (gray) + EBIC 5 kV (red) 

IEBIC, max ≈2 nA 

SEM (gray) + EBIC 5 kV (red) 

Example 3: EBIC does not 
correctly scale with efficiency 

CdTe, 13% 

CdTe, 6% (same wafer, edge region) 

1 μm 

1 μm 

CdTe 

Pt (FIB) 

CdS 

CdTe 

Pt (FIB) 

CdS 

p-CZTSSe 

Pt (FIB) 

n-CdS 



Does the data make sense? 
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Take a second look at the data! 
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CdTe 



Not all samples show the expected collection rate 
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CdTe max EBIC efficiency is 50% 

FIB’d samples show a decreased efficiency for energy < 10 keV 



EBIC is old technique, what is known about surface? 
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Reinhard Kuhnert, Electron beam induced current images of sectioned p/n 
junctions in silicon: Influence of surface states at low acceleration voltages, JAP 
70, 476 (1991) 
…At low acceleration voltages, however, the sectional plane no longer affects the charge collection by 
enhanced recombination at the surface alone. As will be demonstrated in this paper, the space-charge layer 
originating from the preparation-induced surface states must be accounted for. The beam-generated electron-
hole pairs are separated by the field of this space-charge layer… 

Not a lot, very few publications: 

Past approximations / limitations that we improve on: 
(a) The generation of excess pairs by the electron beam does not 

change the field distribution in the specimen. 
(b) the Fermi level and valence-band edge is constant all over the 

sectional plane. 
(c) The Poisson equation is only solved in the z direction. 
(d) Charge separation only occurs in electric-field regions. 

Diffusion to the field regions is neglected because the short 
minority-carrier lifetimes. 



Toward quantitative high-resolution EBIC: 
Modelling 

  Investigating effect of different damage 
 Dead layer 
 Reduced mobility 
 Surface recombination rate 

 Electric field at the surface / depletion 
 Various pinning /boundary conditions through p-n 

junction 
 High injection level 
 Screening of built-in fields  
 Local and non-local high injection effects 
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Surface recombination 

electric field at 
exposed surface  

Electron beam 

Main problem: e-h separation in depletion (drift, (1)) 
region is 100-1000 times more efficient than in neutral 
(diffusion, (2)) region. Any assumed damage affects (2) 
much stronger than (1)  

(1) (2) 



Toward quantitative high-resolution EBIC: 
Experimental 

 Varying surface contribution 
 Controlled /intentional damage (changing FIB dose / energy) 
 Comparison of different  materials and device structures 
 Single crystal Silicon 
 Polycrystalline with different grain size 
 Various device quality / efficiency / life time 
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9 um 

CdTe 

glass 

Wedge lamella 

Front side 
injection 

Back side 
injection 

EBIC on wedge 

6.2° 

EBIC signal turn-on @ d≈900 nm 



Modeling FIB’d Si EBIC signal: surface damage 
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High injection 
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1-D case, energy band across device: 

Charges generated at the same 
rate as the maximum ohmic 
current, for given built-in field 

Charges accumulate, screening 
built-in field, leading to diffusion 
and recombination. 

Ldepl 



High injection threshold in different dimensions: 
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Is surface damage the only problem? 
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IQE in p-n junction 0.66 0.67 

Depletion length, µ 1.75 1.65 

Diffusion length, µ 0.18 0.5 

Surface 
recombination/Diff
usivity, µ−1 

11 1e5 Top Injection (back side): 

E (kV) 

E
B

IC
 IQ

E
 

Fits are not unique, but some 
parameters are robust 

approaching p-n junction 

Even in bulk (without surface effects) , 
EBIC IQE is clearly <1 



EBIC vs optical efficiency: 
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Optical EQE in p-n junction 
EBIC “IQE” 

≈67% 

≈18% 

≈82% 

≈40% 

( ) ( )
( )

deposited e-beam energy
# of EHPs

3 energy band-gap
≈

×

We need to revisit / examine the generation rate in EBIC:  



p-n junction can be easily modified / dirty 
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7 keV 
EBIC  

(cleaved) 

5 keV 
EBIC 
(FIB) 

7 keV 
EBIC 

(cleaved) 

5 keV 
EBIC 
(FIB) 

0.5 µm 

1 µm 

TEM 
EBSD 

EBIC 
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001 

101 
IEBIC, max ≈ 30 nA 

IEBIC, max ≈ 2 nA 

High η device: larger grains (>1 µm) in (101) orientation 
 

Low η PV: columnar grain structures 
High η PV: holes at GB vortexes 

 



p-n junction can be quite dirty / low mobility 

 Problems: very controversial even for large devices 

 Typical example: (similar samples, different methods) 
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Optical measurement of lifetime and mobility: µdrift~50-250 cm2V-1s-1  

Hole drift mobility measurements in polycrystalline CuIn1−xGaxSe2 
S. A. Dinca, E. A. Schiff, B. Egaas, R. Noufi, and D. L. Young, W. N. Shafarman 
National Renewable Energy Laboratory, PRB 80, 235201 (2009) 
 
Also APPLIED PHYSICS LETTERS 100, 103901 (2012) (same group) 

Time-of-flight measurements of mobility: µdrift~0.02-0.7 cm2V-1s-1  



Summary 

 Device physics of PV is currently (i) important and (ii) exciting; 
characterization methods are relevant to other sub-surface 
spectroscopy problems 
 

 EBIC is potentially high-throughput and high-content measurement 
approach but is not quantitative yet in many applications 
 

 Surface effects have been examined including (a) band bending (b) 
fabrication damage (c) high generation rate and screening => not 
sufficient to explain experiments 
 

 Further examination is needed for (a) generation rate (b) mobility in 
“dirty” material / p-n junction region 



People who did most of the work: 
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Heayoung Yoon 
(EBIC) 

Paul Haney 
(modelling) 

NIST collaborators: 
Joshua Schumacher (FIB process), Kerry Siebein (EBSD), Alan Band, 
Dave Rutter (EBIC instrumentation) 
 
Collaborations / samples from: 
U. Toledo – Prof. Robert Collins, Prakash Koirala (CdTe, CIGS) 
 Dupont - Yanyan Cao, Jonathan Caspar, Kaushik Roy-Choudhury (CZTS) 



 Extra slides if needed 
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Method 2: New microscopy downconverting 
electrons to photons (Q-EBIC) 
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50 nm thick QD film 

 Film of Quantum Dots deposited on sample surface 
 At energy below 5 keV e-beam is fully absorbed in 

QD film 
 Light source as small as 20 nm in near-field 

E-beam 
penetration 3 keV 
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CdTe: Q-EBIC compared with EBIC 

37 

22 nA

0 A

70 nA

0 A

17 nA

53 nA

284 nA 231 nA

 

 

 

0 A

0 A

0 A

 

129 nA

0 A

0 A

110 nA

0 A

3 keV

5 keV

7 keV

10 keV

 

3 keV

5 keV

7 keV

10 keV

 

(b)

(c)

(d)

(e)

(h)

(i)

(j)

(k)

Q-EBIC EBIC 

 Signal intensity comparable to EBIC (can be larger) 
 Practical photocurrent resolution 150 nm (absorption length) 
 High resolution, high throughput, less damaging => application in other 

fields 
 Validation of EBIC for low-energy carrier dynamics 

Yoon et al., AIP Advances 3, 
062112 (2103), cover image 

Cross-section imaging at different beam energy: 



Method 3: Near-field optical microscopy (NSOM) 

 Measurement of electrical signal: 
laser-beam-induced current 
microscopy;  

 Direct mapping of photocurrent;  
 NSOM tapered fiber probes: local 

illumination;  
 Wavelength control to access variation 

of band gap / stoichiometry;  
 Spatial resolution: (probe aperture) + 

(absorption depth).  
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NSOM at different wavelengths: 

 Can additionally probe variation in absorption / composition  

39 

532 610  650 700 750   800        850          860 

0.28 nA 

0.65 nA 

532 nm 

4.68 nA 

4.1 nA 

700 nm 

3.15 nA 

1.47 nA 

860 nm 

Unknown issue: light 
coupling can be affected by 
surface topography 

 
• Polished samples 
• Wedge-cut samples  



Deconvolution of topography effect: wedge geometry  
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- Ga Focused Ion Beam (FIB) is used to shape the surface of the CdTe 
grains: wedge  
- Grazing angle (5o)  

λ=532 nm (above band gap): no correlation 
between topography and photocurrent; 
enhanced signal at GB 
λ=860 nm (near band gap): some correlation 
with topography  

In progress: simulation of wavelength 
dependent light coupling affected by surface 
topography 



Method 1: Electron Beam Induced Current (EBIC) 
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 Local carrier generation with a point injection 
     ((110 nm)3 at 5 kV, (1.5 µm)3 at 20 kV in CdTe) 
 Beam injection: top surface, cross-section 
 Nano-contacts at GBs / GIs 
 Probe local PV properties of individual grain / 

grain boundary 



Local I-V measurement with small contacts 
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 I-V measurement on a single GB 
 GB efficiently serve as 3D contacts collecting minority carriers 
 GB do not cause additional leakage, no additional impact on Voc 



Defect spectroscopy with high spatial resolution 
 Problems: 
 Defect energies are in infrared (IR) 
 Far field optics: diffraction limited 
 Near field optics: many issues for IR 
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(possible) Solution: Photo-thermal IR 
microscopy 

AFM 
laser 

4-quadrant detector 

Pulsed tunable laser                               
2.5 - 10 µm (4000-1000 cm-1) 

10 cm-1 line width 
10 ns 

Pulsed tunable laser             
1.55 - 16 µm (6450-625 cm-1)  

0.5 cm-1 line width  
100 ps 

Variable 
attenuator 

Power 
meter 

Lens 

Pulsed tunable laser                               
400 nm- 2.5 µm  

10 ns 
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