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ABSTRACT 
 

The built-in voltage (Vbi) and the charged electronic 
state (ES) distribution in a solar cell determine its 
conduction and valence band profiles..  Changes in the 
charge state of the ES give rise to J-V curve anomalies like 
cross-over, roll-over, and, in some cases, long J-V and 
capacitance transient effects.  CdTe is highly compensated 
containing deep donor- and acceptor-like ES, with larger 
densities than the shallow acceptor density.  For close 
compensation, the charge density in the depletion layer can 
be so low that Vbi is determined by the front and back 
contact work functions.  In that case the cells must be 
analyzed in terms of an n/i/p junction model. 

AMPS models of two extreme profiles are discussed 
here as illustrations: an n/i/p junction, where Vbi is mainly 
supported by charge at the contacts, and an n/p junction, 
where Vbi is supported by charge in the bulk CdTe within 
the absorber. 

 
 

PATHWAYS TO INCREASED EFFICIENCY 
 

There are several general pathways to increasing the 
efficiency of CdS/CdTe cells.  Since Jsc is close to its limit, 
those with the most potential yield involve increasing the 
cell voltage at the maximum power point (Vmax).  These are 
discussed here in a theoretical way to view trends, allowing 
that they may be very difficult or impossible to realize in 
practice.  One pathway is by increasing the net negative 
charge in the CdTe by “p-type doping.”  Another is by 
increasing the minority carrier lifetime (τn) by, for example, 
control of impurities, reducing growth rate, and/or changing 
the micro-stoichiometry.  These two pathways deal with 
bulk materials properties.  A third pathway is by decreasing 
the back-contact barrier height Φbc and the recombination 
there, both interface properties.  Many other pathways are 
less risky and more practical including: thinner windows 
and/or absorber layers, increasing the window band gap, 
and optical optimization. 

 
PROPERTIES OF CdTe 

 
Although it is relatively easy to obtain high shallow 

acceptor densities (Na) in single-crystal CdTe (using P, As, 
N, Na), it is notoriously difficult to obtain high Na in poly-
crystalline CdTe films.  SIMS measurements [1,2] indicate 
high densities of Cl (0.01 eV donor) and Cu (0.3 - 0.4 eV 
acceptor) and indicate that the CdTe layer is highly 
compensated [3].  Since the net charge density is given by 
the difference between large numbers, it is quite sensitive 
to fabrication variables.  The usual C-V measurements 
indicate an uncompensated shallow Na = 1 to 4 x1014 cm-3 
[4].  DLTS and admittance measurements [5] show deep 
trap densities considerably larger than Na.  Although there 

have been numerous studies of individual ES levels, 
attribution to specific defects remains somewhat unclear 
and correlation between specific ES and cell properties 
remains elusive. 

 
CHARGE DISTRIBUTIONS AND MODELS 

 
The band shapes are determined by the net fixed 

charge in the bulk, at the interfaces, and at the contacts.  In 
turn, the band shapes determine the PV properties by 
control of recombination and by field-aided transport.  The 
highest point in the conduction band (CB) defines a 
potential barrier which is a major determiner of Vmax and 
Voc.  We examine two broadly opposite proto-typical band 
shapes, n/p and n/i/p, to illustrate mechanisms and trends. 

If (Na - Nd) in the CdTe layer is large and/or the CdTe 
is thick, the junction barrier is supported by charge stored 
in the n+-TCO/n-CdS contact and in the bulk CdTe, giving 
an n/p junction, Fig. 1, and the built-in voltage Vbi is 
determined by the Fermi-level in the bulk CdTe. 

 
Fig. 1.  Schematic of an n/p junction, based on AMPS 
simulation.  (Vbi is approximate, assuming that Ef is close 
to the CB in the TCO). 
 

If (Na - Nd) in the CdTe layer is small and/or the CdTe 
is thin, the junction barrier is mostly supported by charge 
stored in the n+-TCO/n-CdS contact and the p+ back 
contact, giving an n/i/p junction, Fig. 2 and Vbi is 
determined by Φbc. 

The n/i/p structure becomes more relevent with the 
recent trend to decreased absorber thicknesses. 
 
Model parameters 

Both models have 2 µm of CdTe with equal densities of 
acceptor and donor recombination centers (Nr) at mid-
band-gap.  For the n/i/p model, this gives a charge neutral, 
insulating layer.  For the n/p model, shallow acceptors Na 
are added and since they are shallow (Ea – Evb) = 0.1 eV, 
they have negligible recombination.  The CdS layer is 0.1 
µm thick and has Nd = 1016 cm-3 shallow donors and Na1 = 




