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Abstract  —  We present a combination of X-ray photoelectron 
spectroscopy (XPS) and time-resolved photoluminescence 
(TRPL) to probe the details of interface formation between CdTe 
and alumina deposited by atomic layer deposition (ALD). 
Alumina ALD using water as the oxygen source causes the 
elimination of Te oxides that are initially present on air-exposed 
CdTe surfaces.  TRPL on the resulting CdTe interface indicates 
some degree of passivation.  On the other hand, post growth 
treatment of Al2O3/CdTe structures with CdCl2 and oxygen 
causes regrowth of Te oxides.  Some of these structures show 
improved lifetimes, thereby pointing towards a critical role for Te 
oxides in interfacial CdTe passivation by Al2O3.  Direct 
measurement of band positions with XPS indicates that the 
passivation is caused primarily by chemical rather than field 
effect mechanisms. 

I. INTRODUCTION

A recent surge in the interest of interfaces between CdTe 
and aluminum oxides has been driven by several factors.  It 
has been known for some time that when using water as the 
source of oxygen, alumina ALD on silicon surfaces causes the 
release of atomic hydrogen that helps passivate dangling 
bonds in the silicon near surface.[1] In addition to this 
chemical passivation, alumina can bring about field-effect 
passivation in both n and p-type silicon because of its ability 
to trap negative fixed charge.  The combination of these 
effects has resulted in low recombination velocities and high 
efficiencies in silicon-based photovoltaic devices. 
Furthermore, alumina passivation in polycrystalline CdTe and 
CdSeTe double heterostructures has yielded unprecedented 
lifetimes exceeding 100 ns.[2]  As alumina is not an 
appropriate contact in standard photovoltaic devices, in this 
work we seek to understand the fundamental mechanisms 
driving this passivation to develop similar passivation 
approaches that will significantly enhance aggregate lifetime 
and performance in CdTe photovoltaics.  

Alumina has also seen use in thin film photovoltaics with 
materials such as Cu(In,Ga)Se2 and CdTe. Liang et al. used 
nm-scale ALD alumina layers to improve CdTe back 
contacts.[3]  Patterned sputter-grown alumina has been found 
to passivate both the front and back of CdTe devices.[2] 
Bissig and coworkers found that using alumina to passivate 
cross sections of CdTe solar cells during electron beam-
induced current (EBIC) experiments allowed them to gain a 
better understanding of current collection in their devices.[4]  

In these works, the tentative explanations for the passivation 
effect mirror what is known from the silicon literature: 
negative fixed charge at the interface of a p-type material 
should cause upward band bending and induce field effect 
passivation.  However, the anticipated changes that should 
accompany upward band bending, a decrease in the core level 
binding energies, was not observed in the XPS data of Ref [3].  
Further motivating our current work is the fact that previous 
work on alumina passivated back contacts may have 
inadvertently probed CuTe-alumina interfaces rather than 
CdTe-alumina interfaces.[2], [5]  The copper used in common 
back contacting schemes is known to produce CuTe phases 
that  segregate to the surface.[6], [7]  Currently, little is known 
about the evolution of the chemical and electronic properties 
of CdTe as its interface forms with alumina during ALD.  

II. EXPERIMENTAL METHODS

Phosphorus-doped single crystal CdTe was grown as 
described in Ref. [8]  Single crystal wafers were cut from 
boules, mechanically polished, etched in Br2/methanol, then 
annealed briefly at 250 °C in an inert atmosphere. 

Alumina was grown by atomic layer deposition using 
trimethylaluminum (TMA) and water at a substrate 
temperature of 200 °C.  A control sample (“bare” or 
“uncoated”) was subjected to the same deposition temperature 
and reactor ambient but no ALD cycles.  XPS and TRPL 
measurements were conducted on the same set of crystals at 
different stages of the various processing steps. Vapor phase 
CdCl2 treatment was performed as described previously.[9] 

One photon TRPL was carried out as described 
previously.[10]  XPS was performed using a PHI 5600 system 
described previously.[11]  The spectrometer binding energy 
scale was calibrated using sputter-cleaned metal foils at low 
and high kinetic energy.  CdTe crystals were mounted on 
graphite foil or carbon tape to help avoid electric potential 
shifts during XPS measurements. X-ray power dependent 
measurements were done on core level peaks to ensure that the 
Fermi energy of the spectrometer and that of the area being 
probed are not significantly different.  Samples generally were 
measured first at high (350 W) and low (10 W) anode power. 
When necessary, valence band positions taken at full power, 
350 W, were corrected for peak shifts relative to lower power 
operation. 
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Figure 2.  XPS spectra of CdTe crystals with 
different alumina thicknesses and showing the two 
chemical states of tellurium found after CdCl2/O2 
treatment. 

 
III. RESULTS AND DISCUSSION 

 
Fig.1 shows high-resolution core level spectra for aluminum 

and tellurium during different stages of alumina deposition.  
As expected, the intensity of the Al 2p core level rises with 
increasing thickness of alumina (Fig. 1a). In our case, 1 nm of 
alumina corresponds to eight ALD cycles and 5 nm to 42 
ALD cycles. A small amount of aluminum was found to be 
deposited on the control sample that experienced the standard 
reaction conditions but no ALD cycles (bottom red trace, 
“uncoated”, Fig. 1a).  Fig. 1b shows Te 3d5/2 spectra for the 
same three samples.  These spectra generally show two 
chemical components:  a peak at 572.4 eV corresponding to 
Te2- and a peak at 576.3 eV corresponding to oxidized 
tellurium, Te4+.  The data in Fig. 1b are normalized in 
intensity to the Te2- component to allow comparison of the 
relative contribution of oxidized tellurium.  For alumina 
thicknesses greater than about 5 nm, it was not possible to 
obtain spectra from the CdTe substrate, which is consistent 
with the expected XPS probe depth (0-6 nm).  Spectra from 
the uncoated sample display a fairly large percentage of Te4+ 
from the CdTe native oxide.  Interestingly, as the number of 
ALD cycles increases, the relative percentage of oxidized 
tellurium decreases and then completely disappears after the 
42 cycles used to deposit 5 nm of alumina.  It should be noted 
that the probe depths into the CdTe for samples with different 
alumina thickness are somewhat different because of the 
overlying alumina:  data from the sample with 5 nm of 

alumina probes only a very short distance (<1 nm) into the 
CdTe, whereas data from the uncoated sample originates from 
as deep as 6 nm.  This means that the reduction of the Te 
oxides is more dramatic than what seems apparent in Fig. 1b.  
We attribute the CdTe native oxide reduction to a reaction 

Figure 1.  XPS spectra of Al 2p and Te 3d5/2 regions for crystals with different thicknesses of 
ALD alumina 
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Figure 4.  Fermi energy-referenced valence band 
maxima for uncoated and alumina-coated CdTe 
crystals before and after CdCl2 treatment. 
 

Figure 3.  TRPL of alumina/CdTe crystals before and after 
CdCl2/O2 treatment. 

involving either atomic hydrogen released during the ALD 
reaction OR from direct reduction by trimethylaluminum. 
Previous workers have shown that hydrogen released in the 
TMA + water reaction originates from water rather than from 
the methyl groups of TMA.[12]  Further understanding of the 
mechanism by which Te4+ is reduced in this reaction could 
come about by replacing water with oxygen or ozone as the 
oxygen source.  If reduction were still observed, then it is 
likely that TMA itself is the reducing agent as has been 
observed for copper in CuO surfaces.[13]  In this case 
reduction of Cu2+ to Cu1+ occurs during ALD with TMA and 
molecular oxygen, and as a result of a direct interaction 
between copper and TMA. 

In a previous successful use of alumina to passivate CdTe 
interfaces, the device and thus the interface itself was 
subjected to CdCl2 treatment.[2]  For that reason, we tested the 
idea that the CdTe-alumina interface evolves further during 
post-growth CdCl2 treatment.  Fig. 2 shows the effects of 
CdCl2/O2 treatment on tellurium oxidation.    

Clearly, CdCl2 treatment causes oxidation of the CdTe 
underlying the ALD alumina layers, a process that is 
especially apparent in the crystal with 5 nm of alumina.  This 
is perhaps related again to the depth probed into the CdTe:  
data from the sample without alumina (“bare”) includes more 
signal from the unoxidized bulk than do the spectra of the two 
alumina-coated samples. 

Surface passivation of these samples was measured by 
TRPL.  Figure 3 shows TRPL data from alumina-coated 
crystals before and after CdCl2 treatment.  Lifetimes in 

samples with “as deposited” alumina generally increased, 
albeit with insignificant changes when the alumina thickness 
is increased beyond 1 nm. After CdCl2/O2 treatment, lifetime 
in the sample 5 nm of alumina decreased.  In contrast, CdCl2 
treatment increased lifetime to ~16 ns in the sample with 1 nm 
of alumina. 

To directly test whether the changes in lifetimes were the 
result of field effects, XPS was used to measure the position of 
the Fermi energy in the CdTe near the alumina interface.  By 
measuring the core-level to valence band separation on clean, 
well-ordered single crystal CdTe, it was possible to use the Te 
3d5/2 and Cd 3d5/2 peak positions to monitor the evolution of 
the CdTe valence band at the buried interface.  From earlier 
work we assume that the bulk doping was not changed by 
CdCl2 processing.[14]  Thus the XPS-measured valence band 
edge is a measure of the band bending and electric field at the 
CdTe-alumina interface.  Fig. 4 shows Fermi level-referenced 
valence band maxima for samples with varying thicknesses of 
alumina before and after CdCl2 treatment.  Note that this 
figure is drawn in the convention of band diagrams such that 
EF-EVBM = 0 at the top of the graph corresponds to degenerate 
p-type surface and EF-EVBM=1.5 eV corresponds to a 
degenerate n-type surface. 

Figure 4 shows that the bare CdTe crystal is only slightly p-
type with the Fermi energy slightly above mid-gap (EF-EVBM = 
0.60 eV).  Depositing 1 nm of alumina on this surface causes 

downward band bending, dropping the valence band to 0.79 
eV below the Fermi energy and making the interface slightly 
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n-type.  Increasing the thickness of alumina to 5 nm further 
increases the downward band bending, with the VBM located 
0.89 eV below EF.  Despite this increased electric field in the 
CdTe in samples with 1 and 5 nm of as-grown alumina, the 
TRPL data in Figure 3 shows that carrier lifetimes were 
increased.  Thus, we attribute the increased lifetime in these 
samples to chemical rather than field effect passivation.  We 
note that in our previous work, hydrogen was shown to yield 
moderate improvement in the surface recombination velocity 
on CdTe surfaces, and it seems plausible that in the case of as-
deposited alumina, some chemical passivation occurred due to 
the release of hydrogen during the ALD process.[15]  

Figure 4 also indicates that CdCl2 treatment of the alumina-
coated crystals causes disparate changes in interface 
passivation.  The uncoated and sample with 5 nm of alumina 
show increased downward band bending after CdCl2, which 
explains in part the worsened lifetimes seen in Figure 3.  In 
contrast, CdCl2 treatment causes a reduction in downward 
band bending in the sample with 1 nm of alumina.  None of 
the observed valence band positions are consistent with 
significant net fixed negative charge from the alumina layer, 
which should cause upward band bending and decrease the 
observed EF-EVBM values.  We note that as with other alumina 
interfaces, it is the competition between positive charges 
directly at the interface and negative charges within the bulk 
of the alumina that determine the net charge and changes in 
band bending in alumina’s interfacial partner.[16]  Thus, it is 
possible that alternative interface engineering or simply 
thicker alumina could bring out both field effect and chemical 
passivation in the CdTe and alumina material set.  Finally, we 
note that the CdTe interface showing best passivation by 
TRPL (1 nm of alumina, CdCl2-treated), has undergone 
several major chemical changes (hydrogenation, oxidation, 
chlorination) but has a surface electric field similar to the 
starting surface.  For that reason, it appears that chemical 
passivation, one characterized by the formation of a CdTe 
oxide and the presence of chlorine, can be the dominant 
mechanism for improving TRPL lifetime in the alumina/CdTe 
system. 

IV. CONCLUSIONS 

A schematic of the evolution of the CdTe/alumina interface 
during atomic layer deposition and post-growth CdCl2 
treatment is shown in Fig. 5.  The ALD reaction between 
trimethylaluminum and water causes reduction of the CdTe 
native oxide initially present and the eventual formation of an 
abrupt CdTe/alumina interface.  TRPL indicates some 
passivation occurs with as-deposited alumina.  XPS-based 
band bending measurements indicated that this passivation is 
not from a decreased surface electric field.  Post-growth 
treatment of the alumina/CdTe crystals with CdCl2/O2 causes 
a thin layer of CdTe oxide to form between the alumina and 
CdTe layers.  Ongoing and previous work[17] indicates that 
chlorine is present in an atomically thin layer of CdCl2 

between the alumina and CdTe as depicted in Fig. 5.  For an 
alumina thickness of 1 nm, TRPL lifetimes increase 
substantially upon this post-growth oxidation and chlorination.  
Direct measurements of the CdTe band positions at the 
alumina interface are generally indicative of downward band 
bending, inconsistent with net fixed negative charge at this 
CdTe/alumina interface.  The sum of these measurements 
indicates that passivation of CdTe surfaces by alumina can 
occur by chemical means, and implicates CdTe oxides as 
being important to the passivation mechanism. 
 

 
Figure 5.  Schematic of the evolution of the ALD 
alumina/CdTe interface showing reduction and loss of the 
initially present CdTe native oxide and reformation of the 
oxide layer during CdCl2/O2 processing. 
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