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ABSTRACT: The present work intends to explain why ultrathin Al,O; atomic-
layer-deposited (ALD) on the back contact with rectification and tunneling
effects can significantly improve the performance of CdTe solar cells in our
previous work [Liang, J.; et al. Appl. Phys. Lett. 2015, 107, 013907]. Herein, we
further study the mechanism through establishing the interfacial energy band
diagram configuration of the ALD ALO;/Cu/Te by experiment of X-ray
photoelectron spectroscopy and first-principles calculations and conclude to find |
the band alignment with optimized layer thickness (about 1 nm ALD ALQO;) as

the key factor for rectification and tunneling effects.
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1. INTRODUCTION

Although Si-based solar cell devices currently dominate
photovoltaic power production, thin-film solar cell devices
based on CdTe have achieved a notable market share as a cost-
effective alternative.' > For thin-film CdTe solar cells, efficiency
improvement is always the main goal. Generally, the common
methods for improving efficiencies include designing new
device structures,”™° improving the material composition and
related crystalline quality of thin films,”® and optimizing the
contact interfaces between thin films.”"" The back contact is a
key issue for the performance of CdTe thin-film solar cells
because it is challenging to attain low resistance and a stable
electrical contact.””™"” Many efforts have been devoted to
optimize the back contact based on physical concepts and
nanoengineering. 18720

Recently, Al,O; is a promising candidate to passivate p-type
silicon (Si) material because of its good chemical and field-
effect passivation.”’ ™" In addition, ALO; is also a good
modification material for CdTe, because the lattice mismatch is
only 3.7% between the surface of AL,O;(0001) and CdTe-
(111).> In our previous work, we have fabricated a
nanostructured back contact of CdTe solar cells with copper
(Cu) dopant and atomic layer deposition (ALD) Al,O; with a
thickness of 1 nm.”® The CdTe solar cells based on such an
ALD ALO; layer displays improved efficiency. Despite the
previous work with ALD Al,O; to achieve the high perform-
ance for CdTe solar cells,” the mechanism of ALD AL,O; on
the back contact leading to the rectification and tunneling
function is still not clear. Herein, we develop a band diagram of
the ALD AL,O,/Cu,Te interface in an effort to understand how
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the ALD ALO; layer on the CdTe surface improves the
performance with the rectification and tunneling effects. We
investigate the valence band offset (AEypo) and conduction
band offset (AEcgo) for the ALD ALO;/Cu,Te interface by
performing X-ray photoelectron spectroscopy (XPS) and first-
principles density functional theory calculations. The ALD
Al,O;3/Cu,Te interface energy band diagram is established and
discussed in the terms of CdTe solar cell fabrication.

2. EXPERIMENTAL SECTION

The samples were complete solar-cell structures (without the back
contact applied) as shown in Figure la; details of experimental
conditions were reported in our previous work’® and the Supporting
Information. The XPS measurements were performed by a
monochromated Al Ka X-ray source (hv = 1486.6 eV) with a vacuum
pressure of 1.0 X 107 mbar. All core level spectra were recorded with
a 0.05 eV step and a 20 eV pass energy. The obtained binding energy
(BE) values in the XPS measurements were calibrated by the carbon
1s peak position in the respective sample as reference. BE values of the
valence band spectrum of samples were corrected by Au foil mounted
along with the samples. The peak contributions were extracted by
combining a Lorentzian and a Gaussian function. The background was
subtracted using the Shirley function.

3. RESULTS AND DISCUSSION

In the XPS spectra, the zero energy is usually at the Fermi level;
nevertheless, charge effect and surface contamination can
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Figure 1. (a) The schematic of the superstrate structure used for CdS/CdTe-based heterojunction solar cells. The core levels, Te 3ds/, and Al 2p,
and valence band spectra for (b) Cu,Te layer, (c) 20 nm AlL,O; layer, and (d) 1 nm Al,Oj layer.

Table 1. Al 2p and Te 3d;,, Binding Energies (eV) of the Core Level Spectra for the Cu,Te Layer, the 20 nm Thick Al,O, Layer,

and Different Thickness ALD Al,O; Samples®

ALO; thickness (nm) 0 0.2 0.5

Al 2p (eV) 7491 74.80
Te 3d), (eV) 572.88 57244 57241
VBM (eV) 0.61 0.38 032
Te 3d,,-Al 2p (eV) 497.53 497.61
AE, (V) 3.93 3.85
E, (eV) 5.98
AE¢ (V) 1.09

0.8
74.90
572.96
0.26
498.06
3.40

1 1.5 2 B) 20
74.39 74.36 74.69 74.54 74.93
572.68 572.48 572.61 572.11
021 0.80 131 1.39 4.12
498.29 498.12 497.92 497.57
3.19 3.34 3.54 3.89
4.16 3.85 4.11
—0.07 —0.53 —0.47

“The valence band maxima (VBM) were recorded for the Cu,Te layer and the 20 nm thick AL,O; layer. The energy origin is taken at the Fermi level

position.

compromise its position. The approach defended here is to use
the core level on the samples in order to determine the valence
band offset between the Al,O; and Cu,Te interface. First,
considering the mean free path of photoelectrons in a material,
a 20 nm Al Oj; layer serves as to determine the energy core
level (Ecy) for bulk Al,O,. The same approach is used for
Cu,Te. Lastly, with different thicknesses (0.2—3 nm) of the
Al O, layer, XPS measurement is sensitive to both of Cu,Te
and Al,Os, which is consistent with the literatures.”” "> These
samples allow determining the valence band offset.

The valence band offset AEypq values of the ALD AL, O,/
Cu,Te interface can be calculated using the equation below™’

AEypo = (ECL - EVBM)Cu,Te - (ECL - EVBM)A1203
— AE (1)

where (Ec;, — Eypm)cate is the difference in binding energy

between the Te 3ds/, core level and the valence band maximum
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(VBM) of the Cu,Te layer. (Ec, — Eygp)alo, is the difference

in binding energy between the Al 2p;,, and VBM value for the
20 nm thick ALD AL,O; film on CdTe. AE(; values are the
differences in binding energy between Al 2p;/, and Te 3ds/,
core levels for the different thickness ALD Al,Oj; layers on
CdTe, respectively. Because there are no interface reactions
occurring, the determination of a valence band offset is
accomplished by taking the difference between the Te 3d and
Al 2p core levels.”" Since the calculation of the values for the
ALD Al,O;/Cu,Te interfaces are based on the relative energies
for each sample, it is necessary to calibrate the spectra.

Figure 1b shows Te 3ds,, and valence band spectra of the
Cu,Te layer. The valence band maximum Eygy was obtained by
linear fitting to the XPS data. The intersection of the two linear
extrapolations corresponds to the valence band maximum,
shown in the inset of Figure 1b. The values of Eygy and Te
3d/, measured on a Cu,Te layer are 0.61 and 572.88 eV,
respectively. The corresponding values of Eygy and Al 2p

DOI: 10.1021/acsami.6b07421
ACS Appl. Mater. Interfaces 2016, 8, 28143—-28148


http://dx.doi.org/10.1021/acsami.6b07421
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.6b07421&iName=master.img-001.jpg&w=379&h=296

ACS Applied Materials & Interfaces

Research Article

- ¢ s
B ALO : ~4 i
Tt
12 {#1d c u
i = (Qéf ° T
E“ 5 Qﬁ{# ¢ «d
} ') ..¢-§

el A A m | e

25 . 5 10 15

Figure 2. (a) Total density of states of amorphous-AL,Os. (b) Relaxed interface of the CdTe/amorphous-Al,O; structure.

measured on a 20 nm thick Al,O; layer are 4.12 and 74.93 €V,
respectively, as shown in Figure lc. AEc is the energy
difference between the two core levels of the Al 2p and Te
3d/,, which were measured at the ALD Al,O;/Cu,Te interface,
as shown in Figure 1d, where the ALD Al,O; thickness was 1
nm. Table 1 summarizes the Al 2p and Te 3d;;, binding
energies (eV) of the core level spectra for the Cu,Te layer, the
20 nm Al,O;, and AL, O; samples. Using eq 1 and the values
reported in Table 1, the valence band offset was calculated for
different ALD Al,O; thicknesses (see Table 1). The valence
band discontinuity of the ALD AlL,O;/Cu,Te interface is
represented by AEypo. In order to obtain the conduction band
offset AEcp0, the band gap of ALD Al O; is needed.

The band gaps of different thickness ALD Al,O; were
predicted through ab initio calculation based on density
functional theory (DFT) as implemented in the Vienna Ab-
initio Simulation Package (VASP).*"* The amorphous-ALO;
structure has been produced using Atomistix ToolKit”® and
optimized by the combination of ab initio molecular dynamic
(AIMD) simulation. All of the AIMD simulations to study the
interatomic interactions were performed in VASP,*"** which is
an accurate and effective method for the estimation of the metal
oxide structures. The trigonal lattice of the Al,O; structure was
converted into new cell by cleaving a 2 X 1 supercell at the
[001] surface, resulting in a superlattice of 90 atoms. The low-
density structure of Al,O; is obtained by rescaling the periodic
boundary conditions of oxide by a factor of 1.2 along every
direction. The classical MD simulation for the generation of the
amorphous-Al,O; structure began with melting of this rescaled
sample at a temperature of 2500 K over 10 000 time steps of 1
fs in the [number of atoms (N), volume (V), and energy (E)]
(NVE) ensemble. This high-temperature annealing generates
good intermixing of the oxide and completely changes to the
disordered structure. After annealing, the sample is again
rescaled to the normal density and was cooled down to room
temperature in the [number of atoms (N), pressure (P), and
temperature (T)] (NPT) Melchionna ensemble at varying
temperature intervals with a 1 fs time step and an external stress
of 1 bar to obtain the final quenched solid amorphous-Al,O;
structure at 300 K. DFT calculations using generalized gradient
approximation (GGA) with an exchange correlation function
Perdew—Burke—Ernzerhof functional revised for solids (PBE-
sol)** are used for the energy optimization of the amorphous-
Al O, structure. The electronic wave functions expansion was
done at the I' point of the supercell in plane waves using
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double-{ polarized basis set with a cutoff energy of 500 eV.
Finally, the structure was allowed to relax until the external
pressure and the residual forces on each atom were less than
0.01 kbar and 0.001 eV/A, respectively. For layer models, we
used periodic boundary conditions along the ¢ directions, with
vacuum regions of 20 A between adjacent layers in the direction
perpendicular to the layers. Figure 2a shows the amorphous-
Al,O; structure and the total DOS and is used further for the
generation of the CdTe/amorphous-Al,O; interface as
explained in Figure 2b. The band structure of different
thickness ALD Al,O; was shown in Figure 3. The result is
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Figure 3. (a) Total density of states of Scyc-AL,O5, (b) 10cyc-ALO;,
(c) 15cyc-AlL0;, (d) 20cyc-ALO;.

consistent with the literature.”> The band gap and the VBM of
ALD Al,O; change with the thickness were due to the larger
interaction volume of the amorphous ALD Al,0.*

Taking into account the different thickness ALD Al,O; band
gaps and Cu,Te band gap,”* the energy band diagram of the
ALD AlL,O;/Cu,Te interface can be established as shown in
Figure 4. In our previous work,”® if the thickness of the ALD
Al,O; layer is more than 3 nm, the efficiency shows obvious
degradation. This can be explained by the tunneling current,
which dominates the charge transportation with the ultrathin
(£ 1 nm) dielectrics of Al,O5, but a thick film (> 1 nm) would
block the charge transportation. The back contact with 1 nm
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Figure 4. (a) Energy band diagram of the ALD Al,O;/Cu,Te interface. The valence and conduction band offsets are represented. Also indicated are
the differences in energy between core levels and valence band maxima for Al,O; and Cu,Te as well as the difference in core level energy AE;. (b)
Valence band offsets AEyq for different thickness ALD Al,O; samples.
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Figure S. IMVS response of the samples with ALD-ALO; of (a) 0, (b) 0.5 nm, (c) 1 nm, (d) 2 nm, (e) 3 nm. (f) The carrier lifetime 7 versus the

ALD Al O thickness.

ALD AL, O; has the improved efficiency, up to 12.1%, compared
with the efficiency of 10.7% without ALD AL, O, modification.”®
In order to quantitatively evaluate the enhancement of carriers
lifetime by ALD Al,O; passivation, small-amplitude intensity-
modulated photovoltage spectroscopy (IMVS) was measured
under a 560 nm light source with the structure of FTO/CdS/
CdTe/Cu/ALO;/Au (see Figure Sa—e). IMVS was used to
investigate the recombination processes. The IMVS plots
display a semicircle in the complex plane. The carrier lifetime
() can be estimated from the 7 = (27f ) ~,” > where 7 is
the carrier lifetime and f,,. is the max response frequency at the
IMVS plots. Figure S shows complex plane plots of the IMVS
spectrum for CeTe solar cells and the time constant 7. The
shorter carrier lifetime indicates that more recombination sites
exist in CdTe solar cells without the ALD Al,O; layer. The fast
recombination rate could be the main reason for the decreasing
of PCE. It can be observed from Figure 5f that the best 7 is
achieved in the sample with 1 nm ALD Al O,.

The tunneling probability (T) using a semiclassical theory of
tunneling through a finite square potential barrier is

T = [1 + C sinb’(kd)]™" (2)
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where C is a parameter related to the carrier energy, d is the

thickness of Al,O;, and k = 2m*A /A (m* is the effective
mass of carrier and A is the barrier height). From Figure 4b, the
valence band offset AEypo has the minimum value (3.19 eV)
for the 1 nm ALD Al,O; layer sample. As a result, the CdTe
solar cell with 1 nm ALD Al,O; has the smallest potential
barrier for hole carries. As the thickness of ALD Al,O; is larger
than 1 nm, the charge transportation would be blocked. This is
in accordance with the photocurrent J—V characteristics with
the best FF in the 1 nm Al,O; sample. The mechanism could
include two factors. First, the Al,O; insulator with a thickness
less than 1 nm not only facilitates large tunneling for hole
carriers but also blocks minority carriers (electron) in the
positive pole. Second, the thickness of above 3 nm would block
the hole transportation. Only if the thickness of Al,Oj; is around
1 nm does the modification layer function to allow the
channeling of holes, but blocks the transportation of electrons.
Therefore, the CdTe solar cell with 1 nm ALD AlLO;

modification has the optimized efficiency.
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4. CONCLUSIONS

In conclusion, the energy diagram of the ALD Al,O;/Cu,Te
interface can be established by combining experiments and
first-principles calculations. The mechanism of the improved
performance of the CdTe solar cells with ALD Al,O;
modification due to the rectification and tunneling function is
discussed. The interfacial energy band diagram configuration of
the ALD Al,O;/Cu,Te band alignment with optimized layer
thickness (about 1 nm ALD ALOQO;) is the key factor for
rectification and tunneling effects.
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