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• Measurement of band bending in semiconductors

• Depth profiling using HAXPES

• In‐situ monitoring of Cu‐diffusion in In2S3

Original outline
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• Band bending in semiconductors and solar cells

• Experimental spectra from GaAs:Au samples

• Peak fitting and results

• Conclusions

Outline
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Motivation

• Thin film heterojunction solar cells are complex multilayer electronic devices
• Band lineup, doping density and interface charges crucial for device 

performance
• Multilayer structure with complex defect structures means that there is 

ambiguity in the usual capacitance based characterisation.
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Problem: Capacitance based measurements give ambiguous results

Critical interface has high interface 
charge and strong Fermi level pinning
- Both effects are poorly quantified

Band bending in thin film solar cells
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Monitoring band bending with HAXPES in a model system
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Model system: Schottky diode GaAs/Gold, 
excitation with 6 keV from KMC-1 @ BESSY II 
using HIKE-setup.
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GaAs IMFP at 4900eV ~4.5nm
Dallera et al. J. Nucl. Inst. Meth. 
Phys. Res. A. 547 (2005) pp113
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See also  G. Margaritondo et al. Phys. Rev. B, 47 (1993) pp 9907-9909

The effect of a linear electric field in an otherwise uniform sample is 
a convolution of the peak by an exponential decay function 

Decay = Voltage per 
inelastic mean free path
IMFP 

The effect of an electric field
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i ‐ GaAs

5nm Au

2x1016 ‐ GaAs 1x1017 ‐ GaAs 7x1017 ‐ GaAs
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High Energy PES allows GaAs peaks to 
be measured through a conductive ~5nm 
gold layer.

GaAs surface was sulfur terminated using 
ammonium sulfide treatment to give good 
Schottky contacts with gold.

Samples 
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Ga2p spectra with different doping levels
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• Broadening clearly seen in the 7E17 cm-3 doped sample.
• Broadening present but difficult to see in the lower doped samples
• Monitoring the shift between samples is not reliable – even using Au reference.

Comparing doping concentrations

As measured Aligned
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Both peak shift AND peak broadening can be monitored when the field 
in the same sample is varied using an applied bias

Changing the field with an applied bias
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Fits performed by taking the experimental 
curve of i-GaAs and convoluting with an 
exponential function to represent the effect 
of an electric field.

Peaks are allowed to shift during the fitting 
procedure as the field induced peak shift 
between samples is not reliable

Peak fitting
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Monte Carlo type error analysis. 

• Intrinsic GaAs fitted using 2 Voigt peaks. 

• New doped/biased peaks generated using convolution with given electric field

• Poisson noise estimated from experimental curves and added to peaks. (x50)

• Fits performed

• Standard deviation calculated

Reference doping levels measured using capactiance methods (Mott-Schottky type)

Error analysis
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Results: Different doping levels
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Agreement best for highest doping values

Errors only for the peak fitting process and statistical noise
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Peak broadening with applied bias 
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Peak shift with applied bias 
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One of the key requirements for the experiment is a very high stability of 
the beam energy. Bias measurements for one sample needs ~16h 
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Only possible because: 1. Beryllium filter is used – reduced thermal load on crystal
2. Automatic beam optimisation disabled (some intensity loss)

Stablity < 3ppm over 
16 hours.

Stability
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Possible thin film test structures

CuInS2

CdS
ZnO:Al

~10µm

<10nm

Additional problems: Low cross sections of the peaks at 6keV excitation

Large intrinsic widths of the strongest peaks

Unknown charge

18



Iver Lauermann HAXPES Workshop 2011 Hamburg

Conclusions

• The effect of the electric field on peak widths and peak shifts can 
be seen in high energy PES measurements through 5 nm of gold.

• Controlled variation of the electric field using an in-situ applied 
bias was used to confirm the effects.

• Peak shifts are more sensitive when the field is changed in-situ.

• May provide an additional tool to characterise complex devices.

• Beam stability is of critical importance.
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