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Summary

There are three focus area in this subcontract: cell structure and fabrication, cell mod-
elling, and characterization of materials and devices.

Our efforts on cell fabrication have primarily involved the use of magnetron sputtering
for deposition. In addition, we have developed and used novel electrochemical treatments at
the stage of finishing the devices deposited by other techniques: vapor transfer deposition
(VTD) and close space sublimation (CSS), both made at First Solar, LLC. During the period

of this award we have:
e achieved 12.6% efficiency in an all-sputtered cell on Tec-15 soda-lime glass,

e developed ZnO:Al as front contact and ZnTe:N as a back contact to substrate cells,

achieved 14.0% efficiency on aluminosilicate glass with sputtered ZnO:Al/CdS/CdTe

e fabricated substrate CdS/CdTe solar cells using molybdenum foil, soda-lime glass,
and SnOy:F coated Tec 7 glass as substrates; developed a technology of depositing
Molybdenum on glass for substrate cells, including identification of stresses responsible

for film failure and their mitigation,

e developed a series of new high-resistivity transparent (HRT) buffer layers that improve

the device efficiency and allows for the use of thin CdS,

e established a new buffer layer effect: ’doping without dopants’, which enables one to

achieve high open-circuit voltages and superior stability without the use of Cu,

e created a new class of electrolyte treatments that significantly change the device back
contact, improve its uniformity, and can alone increase the cell efficiency from 3% to

11%,

e developed and experimentally verified a model of reach-through diode effect on back-

contact properties,

e developed numerical modelling of current distribution in cells including nonunifor-
mities in the main junction and back barrier; also, using comercial software Pspice,

extended our modeling effort to large-area modules,



built a quantitative theory establishing figure of merit for nonuniformity effects in thin-
film cells and predicted a phase transition between the regimes of weakly nonuniform

and strongly nonuniform cells,

devised biased-dependent photoluminescence mapping that allows for identification of

major device flaws,

for the first time identified the phenomenon of PL fatigue in thin-film photovoltaics
and related it to the light-soak induced degradation,

studied properties of of ion-implanted defects in CdTe crystals,

created a new admittance spectroscopy “tool kit” that enables one to separate out the

defect related features in the admittance spectra of CdTe devices,

by means of x-ray absorption fine structure (XAFS) studies, found that most Cu
in CdTe cells is oxidized if chloride treatments have been used and that this Cu is

probably concentrated at the grain boundaries,

discovered the divergence in fluctuations of the main photovoltaic parameters under

low light as a diagnostic tool for characterizing the device nonuniformity.
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1. INTRODUCTION
1.1. Background

The purpose of this subcontract, as part of the R&D Partners Category of the Thin
Film Photovoltaics Partnerships Program (TFPPP) of NREL is to 1) extend research ef-
forts on cell structure and fabrication mainly through the use of magnetron sputtering,
including window and back contact buffer layers, alternative back contacts, and preparation
of inverted cell structures; 2) perform CdTe-based cell modeling which goes beyond tradi-
tional numerical models to include electric potential and electric current distributions in
cells, the effects of nonuniformities on cell and integrated module performance; 3) to extend
efforts on materials and device characterization with emphases on the use of photolumines-
cence (PL), extended X-ray absorption fine structure (EXAFS), performed in parallel with
current-voltage (I-V) and spectral quantum efficiency (SQE) device measurements; and 4)
to support workforce development through the education and training of undergraduate,
graduate, and postdoctoral students in the PV area.

This final report covers a three-year NREL thin-film partnership subcontract with the
University of Toledo which has three task areas: 1) cell structure and fabrication, 2) cell

modeling, and 3) characterization of materials and devices.

1.2. Objectives of this subcontract

The primary objectives of this research by this subcontractor as an R&D partner is to

address fundamental issues especially related to:

e enhancing the total-area, thin-film cell efficiency through magnetron sputtering of

novel materials and alloys,

e improving the understanding of nonuniformities and their impact on device and module

performance through novel experiments and modeling,

e improving the understanding of the materials and devices through the use of pho-
toluminescence (PL), capacitance-voltage (CV), Hall, Raman, absorption, scanning
electron microscopy (SEM) with energy dispersive x-ray spectroscopy (EDS), and X-
ray absorption fine structure (XAFS),



e identifying materials and structural issues that can lead to improved cell stability,

including buffer and interfacial layers and novel back contacts,

e identifying novel device structures to find pathways for reducing the utilization of
CdTe, and development of substrate CdTe structures for comparison with standard

superstrate devices and to determine possibilities for roll-to-roll manufacturing, and

e strengthening the thin-film PV infrastructure through education and training of un-

dergraduate and graduate students as well as postdoctoral associates.

1.3. Technical approach

The scope of work under this subcontract is divided into three primary efforts which are
reflected in the three following Sections. The first effort is focused on the use of magnetron
sputtering for fabrication of CdTe-based cell structures. This includes the use of interfacial
layers in sputtered cell structures and the fabrication of (inverted structure) substrate cells
on metal or metal-coated glass substrates. The second effort is focused on cell modeling.
We seek to model quantitatively the effects of two-dimensional non-uniformities in electric
potentials and current distributions in thin-film CdTe cells and integrated modules, including
the effects of buffer, absorber, and window layer parameters. The modeling effort includes
comparison with cell and materials measurements, such as described in the third effort.
The third effort is focused on the characterization of CdTe-based PV materials and devices.
This effort includes studies of photoluminescence (PL) and electroluminescence (EL) of
magnetron-sputtered (MS) and vapor-transport-deposited (VTD) materials and cells before
and after stressing. The effort also includes small-spot PL (PL mapping) on standard cells
and bias-dependent PL for direct comparison with the cell modeling efforts. We also have
performed Hall, x-ray diffraction, Raman, SEM, capacitance-voltage, and synchrotron x-ray

absorption studies on these materials.



2. CELL STRUCTURE AND FABRICATION

2.1. CdS/CdTe Devices with a ZnO High Resistivity Buffer Layer

In our earlier annual report (2001-02),' we studied the sputtered CdTe cells prepared
on SnOy:F high resistivity (HR) layer obtained from First Solar. It was observed that the
performance of cells depends on 1) the fabrication temperature and process conditions of the
HR layer, 2) the post-deposition heat treatment, 3) the deposition temperature of CdS and 4)
the deposition method used for CdS and CdTe layers. We observed also the variation in HR
properties. Since, we obtained high efficiency for sputtered CdTe cells using a heavily doped
7ZnO:Al as the front contact TCO,'? we started developing a ZnO HR buffer layer at UT.
Initially, we tried to deposit HR ZnO by reactive sputtering from an intrinsic ZnO target
in Ar/Os ambient, but it was difficult to control the desired sheet resistance of the film.
Secondly, considered that using a bilayer front contact i.e. conducting ZnO:Al/ intrinsic
HR ZnO, might lead to out-diffusion of Al from the conducting ZnO:Al into intrinsic HR
/n0, especially during post-deposition heat treatment or long-term stability testing. This
could reduce/eliminate the effect of the HR layer. Therefore, we optimized the conditions
for deposition of the HR buffer layer from a ZnO:Al (2% Al,O3) target in Ar/O, ambient.
The desired sheet resistance of 0.1 to 0.12 ym thick film was about 10* Q/sq.

Sample| HR Cds Ve Jse FF |Efficiency R, Rgp Aver #
ID | layer | (pm) | (mV) |[(mA/ecm?)| % % (ohm-cm) | (ohm-cm)| of cells
T927A - 0.08 700 21.77 67.28 10.25 6.31 895 9/9
T928A - 0.13 810 20.15 68.21 11.13 7.97 1556 7/9
H923A | SnOs | 0.08 782 22.71 68.46 12.16 6.3 728 9/9
H924A | SnOs | 0.13 827 20.75 70.07 12.01 5.23 1085 9/9
196A2 | ZnO 0.08 806 23.3 67.92 12.75 10.45 618 3/9

Table 2.1: Comparison of IV data of cells prepared with and without HR layer.

During the initial stage of experiments, the ZnO HR layer was deposited on a conducting
SnOq:F layer (TEC-7) on a 3mm glass substrate. In our TFPPP project annual report of
2001, we presented the IV and QE performance data of CdTe cells made with a range of
CdS thickness. We reported that the average V. of cells (made without using HR layer)



decreased from 810 mV to 700 mV for the reduction in CdS thickness from 0.13 pm to
0.08 pm, while the cells made with an SnOs HR layer did not show so much drop in V..
Therefore, to compare the performance with earlier cell having as SnO, HR layer, the present
cells were made on TEC-7/Zn0O:Al HR substrates with 0.08 ym CdS and 2.3 ym CdTe films
deposited using standard sputtering parameters. The cells were finished with our standard
Cu/Au back contact. Table 2.1 shows the IV performance data of the cells. The data is
average of up to 9 cells. For comparison, the detailed IV performance data of cells with and
without the SnOs HR layer are also shown in Table 2.1. The V,. of the cell with the ZnO
HR layer (196A2) is higher than that of the cell without HR (T927A) made with 0.08 pm
CdS. Tt is slightly higher than the cell with the SnO, HR (H923A) made with 0.08 pum CdS,
and the cell without HR layer (T928A) made with thicker CdS (0.13 pm). This shows that
the sputtered ZnO HR layer works suitably with sputtered cells.

Figure 2.1 shows the comparison of external quantum efficiency of the best cells prepared
with SnOy or ZnO HR layers. The cell with the ZnO HR layer shows slightly higher QE
in lower wavelength and slightly lower QE in longer wavelength region. This could be due
to interdiffusion across the ZnO/CdS interface during processing similar to that reported
between the Zn,SnO4/CdS [4]. To understand this interdiffusion, experiments with annealed

ZnO/CdS are in progress.

—x— T96A2#5R
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0.0 \\\\\\\\\\
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Figure 2.1: External quantum efficiency of best cells prepared on SnO2 and ZnO HR layers.



2.2. Sputtered ZnO:Al Layer as the Front Contact TCO

In our 2001-02 annual report,! we demonstrated successfully the use of heavily doped
ZnO:Al layer as the front contact TCO in CdTe solar cells, and achieved 14% efficiency
(NREL tested). We have compared the electrical and optical properties of in-house de-
posited ZnO:Al and commercial SnO9:F TCOs. Also, we compared the relative stability
performances of sputtered CdS/CdTe cells prepared on SnOy:F or ZnO:Al under one-sun
light soak at V.. Most of these results have been published,!™ therefore we report here only
highlights of the results.

ZnO:Al films were deposited using RF magnetron sputtering from a ceramic ZnO:Al;O3
(2%) target at 220 °C on 1 mm thick aluminosilicate (ASG) in pure argon gas at 48 W of RF
power and 10-12 mTorr pressure. The ZnO:Al film showed ~95% average transmission in the
visible region, higher than that of SnO,:F film by an average ~5%. Although both center and
edge areas of ZnO:Al films showed similar optical properties in visible region, the edge area
showed higher transmittance and lower absorbance in near-IR region. This is an indication
of higher mobility in the edge area which would be advantageous for the fabrication of
bottom cells in tandem-junction devices. A comparison of ZnO:Al on 1mm thick sodalime
glass (SLG) and SnOq:F films on 3mm SLG (commercial product of Pilkington which is
routinely used) showed more absorbance, reflectance and less transmittance (by ~12%) in

the visible region for SnOg:F films. The ZnO:Al film is more transparent over the whole

spectrum.
TCO/ Voe Jse FF |Efficiency| Series Shunt
Performance| (mV) |(mA/cm?)| (%) (%) Resistance | Resistance
(ohm*cm?) | (ohm*cm?)
SnOq:F 820 20.7 73.96 12.6 3.9 1822
ZnO:Al 814 23.6 73.25 14.0 3.16 989

Table 2.2: CdS/CdTe device data on SnOs:F and ZnO:Al TCOs (NREL tested).

The electrical properties of ZnO:Al/ASG and SnOy:F/SLG structures were determined
using Hall measurements. While the optical measurements showed differences in transmis-
sion and absorption between center and edge area, the Hall measurement showed almost the

same mobility and carrier concentration. The difference in results from the two measurement

5



techniques could be due to the fact that Hall technique measures bulk, in-plane transport
properties, in which the effect of grain boundaries can be important. Optical measurements,
by contrast, measure microscopic bulk properties in which grain-boundary scattering is of
secondary importance. The hall mobility and carrier density for ZnO:Al and SnOs:F are
~40 cm?/V*s and 4x10%° cm™3, and 22 cm?/V*s and 8x10%° cm™3, respectively. The bet-
ter optical and electrical properties of ZnO:Al would be beneficial in the manufacturing of
monolithically interconnected solar modules to allow increasing the cell width, and hence
decreasing the dead area due to scribing. This would increase the power per unit area of

the modules.
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Figure 2.2: I-V and QE plots of CdS/CdTe solar cell on ZnO:Al and SnOy TCO.

The CdS/CdTe solar cells were fabricated by deposition of 0.13 pm thick CdS and 2.3
pum CdTe layers using RF magnetron sputtering on as-deposited ZnO:Al/ASG (1mm) or
SnOy:F/sodalime glass (3mm). The deposited structures were treated in vapors of CdCl,
at 387 °C in dry air. The devices were completed with evaporation of a Cu/Au back
contact (without any treatment of the CdTe surface). Table 2.2 shows the cell performance
data obtained at NREL. Figure 2.2 shows the comparison in current-voltage and quantum
efficiency for the cells on both type of TCOs. While the V,. and FF are almost the same for
both devices, the ZnO:Al based device showed an improvement in J. by 15%. The efficiency
of the device increased from 12.6% to 14.0% entirely due to increased J,. because of lower
sheet resistance and higher transmission of the glass/ZnO:Al in visible region. The effect
of low sheet resistance is clearly shown by the lower series resistance of the cell on ZnO:Al.

To the best of our knowledge, this is the highest efficiency ever reported using ZnO:Al as



the front contact to a superstrate CdS/CdTe cell. It is also the highest efficiency for an
all-sputtered CdS/CdTe solar cell.

Figure 2.2b shows the quantum efficiency of the best devices prepared on both types
of TCOs. The QE of the ZnO:Al-based device is lower in the 300-340 nm region due to
lower bandgap of ZnO:Al in comparison to SnOs:F TCO. The figure clearly shows that
the ZnO:Al-based cell has higher collection in the blue region (360-560nm) even though
the deposited CdS was 0.13 pum in both cases. The QE in the longer wavelength region
(820-860 nm) shows the absorption edge of the modified absorber, CdTel-xSx, obtained due
to interdiffusion of some CdS into CdTe during CdCl; treatment. The similar response in
this region indicates that CdS diffusion is similar in both cases, and therefore the higher QE
response in the blue region is truly due to better transmission of the TCO/ASG. However, the
Zn0:Al/CdS interface could also have been modified during the CdCI2 treatment because of
some interdiffusion of Zn into CdS, increasing the bandgap and transmittance of CdS similar
to interdiffusion between the Zn,SnO,4/CdS interface,* and hence contributing in enhanced
photo-response in the 400 to 500 nm region. The higher QE response (by ~11%) of the
ZnO:Al based device in the visible region (550-825 nm) is clearly due to better transparency
of ZnO:Al TCO in the visible region.
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Figure 2.3: Changes in V., FF, J,. and efficiency with light soak time.



The CdS/CdTe devices on both types of TCOs were light soaked side by side under
one-sun simulated illumination. The devices were kept at open circuit condition at ~55 °C.
The samples were taken out at intermediate intervals and measured for I-V performance at
the University of Toledo after cooling down to room temperature for ~30 min. The data
of Figure 2.3 are a 7-10 cell average of the changes in V., Js., FF and efficiency with light-
soak time. The light soak triggered different degradation mechanisms for the two types of
TCOs. For the ZnO:Al based device, V,., J,. and FF degraded by 9.5, 7.2 and 7.8% leading
to degradation in efficiency by 22.6% in the first three days of stressing. For the SnO,:F
based device FF and V. degraded by only 0.22 and 3%, large degradation occurred in J,.
(by 14.5%) leading to overall efficiency decrease by 17% for the same duration of light soak.
The initial fast degradation in ZnO:Al-based devices caused a final degradation in efficiency
by 41.5% which is almost double the degradation (23.0%) in efficiency of the SnO,:F-based
devices for the same duration of light soak. The initial fast degradation in ZnO:Al based
devices could be due to its lower thermal stability and/or interdiffusion across the ZnO/CdS

interface during processing and light soaking.

Conclusion 7ZnO:Al films on aluminosilicate glass were successfully used to fabricate a
14% CdS/CdTe solar cell without using an anti-reflection coating, a high resistivity buffer
layer, or thinning the CdS layer. The improvement in efficiency was mainly due to better
glass transmission, and to lower sheet resistance and higher transmission of the ZnO:Al
TCO which increased the short-circuit current density by 15%. We believe that the 14%
cell efficiency is the highest ever reported using a ZnO:Al front contact, and also the highest
for any CdS/CdTe solar cell in which all semiconductor layers are prepared by sputtering.
This result confirms that the moderate temperatures needed for the magnetron sputtering
process can provide important advantages in cell fabrication and expand the range of ma-
terials available for thin-film polycrystalline solar cells. In comparison to sputtered cells on
commercial SnOq:F, the stability of these initial ZnO:Al-based cells is poorer, however. This
may be due to interdiffusion across the ZnO:Al/CdS interface and the absence of a buffer

layer.



2.3. Work in progress

The effect of annealing of ZnO:Al/CdS on performance and stability of completed cells
is being carried out to confirm the interdiffusion effect and to improve the performance. A
high resistivity ZnO buffer layer on conducting ZnO:Al is also being used together with a

thinner CdS layer to increase the photo-current.
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3.

CELL MODELING

3.1. Overview

This section will summarize the results of modeling part of this project including some

of two previous annual reports and the present one. At a very general level, we want to

highlight two such results

1. We have understood and described the role of lateral nonuniformities in thin film

photovoltaics. Based on our present estimates, the nonuniformity loss in commercial
integrated modules can be as large as ~ 30%, and nonuniform degradation can be by

the order of magnitude faster than that of more uniform devices.

. We have proposed and experimentally proven a new physical model of CdTe photo-

voltaics, which we believe is a MIS device as opposed to the commonly used model of
p-n device. This has numerous practical consequences, one of which a simple recipe

of stable Cu-free device with the efficiency of 13%.

More specifically, our results supporting the first item are as follows (some from “Char-

acterization” task area):

e Concept of and equation for the screening length describing how far a local nonuni-

formity extends its detrimental effects for a given set of parameters: light intensity,

nonuniformity amplitude, and TCO sheet resistance.!?

e Software for numerical modeling of nonuniform solar cells.!
e Nonuniform degradation of solar cells.!

e Statistics of fluctuations of the main photovoltaic parameters; low-light diagnostics of

lateral nonuniformities in solar cells.?

e PL mapping and related mappings by other techniques from other groups.?
e Thermography diagnostics and modeling.?

e Pspice modeling of integrated interconnect modules.

10



e Self-healing electrolyte treatments (“red wine effect”) mitigating nonuniformity

effects.?
Our results supporting the second item are as follows:

e Properly deposited buffer layer leads to high V,. devices without Cu doping.

e Properly deposited buffer layer can create interface states that deplete CdS enough to
make TCO coupling with CdTe in the manner of MIS device.

e High back barrier switches the cell into the "reach-through” regime, where it does not

generate any current at voltages lower than certain threshold voltage.
e Local "reach-through” regions dramatically decrease the device V..

e Cold evaporated gold contact in combination with our invented aniline treatment

makes a stable back contact without Cu doping.

e The Cu-free stable device recipe is TCO /buffer/CdS/CdTe/aniline(IFL)/Au without

final heat treatment.

In what follows we describe our latest findings not covered in previous annual reports.

3.2. Reach-through band bending in semiconductor thin films

The phenomenon of Schottky barrier formation is well known from standard junction
theory. Here we introduce a new scenario of junction formation for semiconductor thin films
where the Schottky barrier is absent or strongly suppressed. The underlying idea is that in
a thin film semiconductor the Fermi level (F') can be shifted by generating a limited number
of defects. Such a scenario becomes impossible for a thick semiconductor where F' is fixed
by the bulk.

We consider a three-component system of a thin n-type semiconductor film sandwiched
between a metal and p-type semiconductor. Both system interfaces can have interfacial
states. In our experimental verification this is represented by an n-type CdS film between
a conductive electrode and p-type CdTe, which combination has important photovoltaic

applications.? Its band diagram is shown in Fig. 3.4 for a particular case where the Fermi
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Figure 3.4: Energy-band diagrams for a system of metal, semiconductor thin-film, bulk semicon-
ductor (a) before contact, (b) after contact as predicted by the standard Schottky barrier formation

scenario, (c) after contact accompanied by acceptor defect generation.

energies Fr and Fp in the film and bulk semiconductor components are close, while being
significantly different from that of the metal (Fj;). We assume that the screening length in
the n-type semiconductor forming the film is considerably shorter than the film thickness,
L < [. For such a system, the standard junction theory predicts a weak p-n junction
between bulk and thin film semiconductors and a strong Schottky barrier between the metal
and the film [Fig. 3.4(b)].

A conceivable effect of lowering Fr shown next in Fig. 3.4(c) is due to acceptor defect
generation. As a result, the film becomes depleted and strongly increases its screening
length, L > [. The metal and bulk semiconductor then interact across the film similar to
MIS structures, and align their Fermi levels, Fg = Fj;. In particular, the band bending
appears at the film interface opposite to the metal as though the latter was in direct contact
with the bulk semiconductor. We call this new phenomenon a reach-through band bending.
When strong, it results in an inverse layer in the bulk semiconductor.

Phenomenologically, the film depletion corresponds to a potential barrier in the band
diagram. The barrier is needed to separate the conduction band from the Fermi level and
thus to self-consistently maintain the film insulating properties [as schematically shown in

Fig. 3.4(c)]. Such a barrier is achieved by shifting up the entire thin-film energy spectrum
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in the process of aligning of its lowered Fermi level with F},.

As usual, the barrier in the electric potential corresponds to a certain electric charge
distribution related to the defect and interfacial state parameters. In turns, the latter
determine the barrier shape and height. As a conceivable example, we note that lowering
Fr empties interfacial states thus making interfaces charged positively. This results in the
charge distribution shown in Fig. 3.4(c). The CdS interior region can pick some electric
charge too, which depends on the material density of states and will not be further discussed
here.

As a numerical example related to the data below, we assume a typical interfacial state
density o ~ 10 — 102 cm~? and film thickness [ ~ 107® cm. This results in the barrier
height Vi ~ (47/€)oq?l ~ 0.1 — 1 eV, where ¢ is the electron charge and e is the dielectric
constant.

Consider more quantitatively the energy balance for the diagram in Fig. 3.4(c). nL elec-
trons per unit area move to the bulk semiconductor gaining the energy AFy g = Fyy — F
each, and occupying the region of width L with screening charge density n in the bulk semi-
conductor. This increases the electrostatic energy in both the film and bulk semiconductor
(second and third terms on the right hand side of Eq. (3.1) below). Also, we add the de-
fect generation energy W, that depends on defect chemistry in the film and semiconductor.

Optimizing the total energy
2 2 2L3 2 2 2L2l
W(L) = —nLAFyp + ”"SZ + f + W, (3.1)

yields the the barrier width L; and energy gain W (L;),

[eAF
—\JI24+12—1, Ly= EQMA;B (3.2)

oL AF IL
W(L) = —w (1 - 2Ll2) + Wy (3.3)

For the case of [ = 0 our consideration reproduces the well-known result® for a Schottky

barrier. The scenario of Fig. 3.4(c) becomes energetically favorable when W (L;) is lower
than the energy W (L) calculated with the parameters corresponding to the thin film (with
AFyp — AFyr = Fy — Fr). As is seen from Eq. (3.3), such a scenario is more likely
when [ < L.

As exposed to the absorbed light, a strong reach-through band bending can generate a

high open-circuit voltage, thus paving a way to efficient photovoltaics. A related conceiv-
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able effect is that shifting up the thin film energy spectrum can affect the electron-hole
recombination and further improve the system characteristics.

We now turn to the experimental verification of the above scenario and note preliminarily
that the suggested defects can be introduced through either surface states on the interface
between the thin film and the metal or by chemical doping. Our experiments were aimed at
revealing similarities between the effects of surface modification and doping.

As an implementation of a structure in Fig. 3.4, we used a 0.25 pym thick n-type CdS and
3.5 pum thick p-type CdTe deposited on a glass substrate by close-space sublimation (see Ref.

> n~ 10" cm™3 and p ~ 10" cm ™3, were

3). Their respective charge carrier concentrations,
such that the CdS film thickness [ = 0.25 um was much smaller than the screening length
in CdTe and much larger than that in CdS (Lo ~ 3 pum and Ly ~ 0.1 pm, respectively,
assuming a built-in voltage ~ 1 V%).The transparent conductive oxide (TCO) layer of sheet
resistance 15 /00 on a glass substrate underlying the CdS was used as a conductor. The
structures underwent the standard anneal in the presence of CdCl; vapors known to improve
electrical characteristics.”

To affect the CdS interface, we additionally deposited on the TCO a 0.1 pm thick tin-
oxide based buffer layer®?. Its sheet resistance (& 1.2-10*Q/00) was much higher than that
of the TCO, yet low enough to consider it a metal in the sense that its Fermi level is above
that of the CdS film (as assumed in Fig. 3.4 where the leftmost parts of the diagrams can
represent either the TCO or the buffer layer).

For the alternative CdS modification by doping, Cu was introduced at the metal semi-
conductor junction through an anneal step.!® The latter procedure promotes the movement
of Cu to the CdS film where it accumulates in high concentrations.'*

We have measured current-voltage (J-V), quantum efficiency (QE) and capacitance-
voltage (C-V) characteristics that constitute the basic diagnostics for CdS/CdTe
photovoltaics.* The J-V results in Fig. 3.5 represent the averages of 10 1.1 cm? area cells.
QE (measured with white bias light; Fig. 3.6) and CV (at 75 kHz; Fig. 3.7) measurement
were taken on 2 cells for each condition.

Both the open-circuit voltage and short-circuit current (under one-sun light intensity) in
Fig. 3.5 are almost the same in the range of practically significant values for the undoped
devices with buffer layer and for doped devices without buffer layer. However, these param-

eters are much lower when neither buffer layer nor Cu doping are present. This shows that
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Figure 3.6: QE characteristics of CdS/CdTe structures without (a) and with (b) buffer layer for

different voltages before and after Cu diffusion.

either the buffer layer application or Cu doping lead to a well developed junction where the
built-in field is strong enough to provide efficient current collection.
Furthermore, the close numerical coincidence between the two recipe results suggest that

Cu and the buffer layer have a similar effect on the CdS layer. Since Cu is known to act
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Figure 3.7: C-V characteristics of CdS/CdTe structures without (a) and with (b) buffer layer
before and after Cu diffusion. In the graph (a) the data are truncated to V' < 0.5 V to avoid the
conduction contribution indicated by the phase angle between the real and imaginary parts of the

measured admittance.

as an acceptor in CdS,'? Fig. 3.4(c) seems to represent a plausible band diagram for either
the Cu-doped or the buffer-layer-containing structure. This choice is additionally supported
by the observation (Fig. 3.5(a)) that the dark J-V curves are abnormally flat thus showing
extremely high series resistance. We attribute the latter to a barrier Vg in Fig. 3.4(c) (which
is photoconductive; similar to Ref. 13). The undoped devices without buffer layer are better
described by the diagram in Fig. 3.4(b), which predicts a poorly developed junction and
thus low V,. and J,..

QE data (Fig. 3.6) confirm our interpretation. Since QE represents the number of
electron-hole pairs collected per photon, we conclude that carrier collection is equally im-
proved by doping or applying a buffer layer. In addition, the QE of undoped structures
without buffer layer are strongly bias-dependent. This means, again in agreement with Fig.
3.4(b), that the junction is not well developed and thus carrier collection can be considerably
improved by reverse bias. Disappearance of such bias dependence after Cu diffusion can be
attributed to the formation of a well developed junction. A strong junction consistent with
the diagram in Fig. 3.4(c) is also evident from the QE data for the structures with buffer

layer. Similarly to the J-V characteristics, the QEs remain practically insensitive to Cu

16



doping for the buffer layer containing structures, meaning that the junction once developed
by the buffer layer effect remains practically insensitive to further material compensation,
consistent with the above understanding.

C-V data (Fig. 3.7) add specificity to the above interpretation. Samples without buffer
layer and Cu show voltage-independent geometrical capacitance. Cu-doping creates a space
charge region, which, in accordance with the standard interpretation,® is responsible for the
slope of C~2 vs. V. However, with the J-V data in mind, that region does not seem to
contribute much to the device barrier height (close similarity between the Cu and buffer
layer effects). Finally, the buffer-layer-containing devices exhibit C-V characteristics typical
of MIS structures with C' varying between two limiting geometrically related values,® which,
again, is consistent with the diagram in Fig. 3.4(c). Also, the latter is consistent with the
observed potential drop between the CdS and buffer layer in the buffer/CdS/CdTe structure
studied with the Kelvin probe technique.*

We conclude that the above data confirm the hypothesis of Schottky barrier suppression
in a semiconductor thin film and show that the metal can act through the film causing reach-
through band bending. More specifically, our findings suggest that surface treatments can
dramatically change the dielectric properties of a thin film and thus affect the electric field
distribution in the entire system. For example, the CdS deposition method (sublimation
or sputtering) and temperature can affect the device V,., a prediction that can be verified

experimentally:.

3.3. Modeling of non-uniformity losses in integrated large-area solar cell modules

Low-cost large-area photovoltaic modules are produced as either polycrystalline or amor-
phous thin films, which are intrinsically nonuniform. If we imagine a large area PV module
as a set of interconnected small area cells, then non-uniformity will result in variations be-
tween photovoltaic parameters of such cells.!>¢ In particular, occasional faulty parts will
affect the whole device performance leading to the output power loss and a distribution of
parameters between commercially produced nominally identical modules.!”

Even when there are no particularly faulty elements, connecting cells with different PV

parameters in a circuit will result in a mismatch loss (quantitatively, a difference between the

total power available from individual cells and the resulting measured power after intercon-
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nection). In a typical PV module thousands of cells with randomly distributed parameters
form a complex network combining parallel and in-series connections (see below). Esti-
mate of non-uniformity related loss becomes then a non-trivial theoretical problem, further
complicated by the effects of cell and interconnect resistances. A straightforward power
loss characterization, either real or numerical, would be measuring a module power output
and comparing it to the integral power generated by its constituting individual cells. It is
implemented here based on a commercially available circuit design software PSpice.
PSpice was used in PV engineering,?® mostly for numerical modelling of PV arrays. At
the module level, the nonuniformity modelling concentrated on spatial variations in the

irradiance level (hot spots and shadowing) and related current and stability losses.?! 2

R
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R,

e

i

o (V) N

Figure 3.8: Random diode array with lump parameters: row (scribe) resistance R, series resistance
R, and shunt resistance Rgj. Fat lines represent electrodes (bus bars) used to measure the system

current and voltage.

Here we assume the irradiance uniform and consider variations in the electrical parameters
of individual cells constituting the module. We address the following questions. What is the
nature of the nonuniformity related loss, its statistical and topological characteristics? In

particular, which fluctuations underlie the typical distributions of efficiencies of nominally
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Figure 3.9: Sketch of integrated photovoltaic module on a monolithic (typically glass) substrate.

Tilted fragments between cells represent interconnections through scribes.

identical production PV modules? What is the magnitude of the mismatch loss in a large

area PV module?

Equivalent circuit In a typical large-area PV module many linear cells are connected
in series.? The interconnects are made by monolithic integration via ”scribe lines” ( Fig.3.8),
which do not set any tangible resistance between the cells. However, the typical length of
linear cell, of the order of tens of centimeters, can be large enough to make its different
parts electrically disconnected. To account for intra-cell nonuniformities one has to use the
equivalent circuit where a linear cell is divided into a set of small dot-cells, whose linear
size is smaller than the characteristic length L, over which the electric potential in a linear
cell can change noticeably. The latter can be estimated based on the well-known formula
for the telegraph line, L = a\/m where a ~ 1 cm is the cell width, Rpco is its
transversal resistance per length (equal to the TCO sheet resistance, Rrco ~ 10f2) and
R, ~ 19 is its longitudinal (along the scribes) per unit length. This yields L ~ 3 cm,
based on which we use dot cells of 1 by 1 cm connected in a circuit as sketched in Fig.3.9,
where each diode represents a photodiode and is characterized its standard PV parameters,
open-circuit voltage V., short-circuit current J,., series resistance R, and shunt resistance

Rgp.
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We used PSpice software to model a circuit of 58 linear cells connected in series with each
cell divided in 28 dot-cells, corresponding to a module of 2 by 1 ft with dot-cell area of 1 cm?.
V,. for each cell was defined in terms of PSpice variables, saturation current Jy and emission
coefficient N. Each cell was assigned a set of random parameters, whose distributions were
supplied to the program through modification of the "netlist” file. For each distribution, the
integral module current-voltage (J-V) characteristic was obtained and compared to that of
the uniform module with dot-cell parameters equal to the averages over the corresponding
non-uniform distributions. We used the relative efficiency m.e = Mnouniform/Muniform as a

figure of merit to characterize the nonuniformity loss.
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Figure 3.10: Disorder in V.. a) Generated statistical V.. distributions - continuous and bi-modal
(note the log scale), with the same average value < V,. >=755 mV, standard deviation SD=100,
relative dispersion § = 13%; b) Maps of 29 by 58 diodes illustrate topological realization for

corresponding statistical distributions. Relative efficiency 7,.¢; = 0.92 is the same in both cases.

Results Statistics vs. geometry. A set of N random cells can be arranged into

module in a great number N! > 1 of geometrically different ways. A nontrivial (even
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counterintuitive) result of this work is that the geometry plays almost no role when N > 1
and the two first momenta of the statistical distribution of random parameters suffice to give

a good description of nonuniformity loss. The underlying modelling results, are as following.
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Figure 3.11: Standard deviation (SD) changes almost by 2 orders of magnitude from the smallest to
the largest module (note a log-log scale). The cases of fluctuating V,. and J,. are shown. Straight

lines represent linear fits.

A typical measured V,, distribution was a superposition of a Gaussian and a long low-
value tail (Fig.3.10a). We have found that, to the accuracy better than 0.1%, a module
relative efficiency is independent of the distribution geometrical implementation when its
average and dispersion remain fixed. We then made simulations for a markedly different
bimodal distribution with the same average and dispersion. Again, to a high accuracy, our
simulations gave the same result. We have verified then that the latter surprising result
holds for large number of elements N > 1 and that the fewer N the stronger effect of
geometry.

Scaling and mismatch loss. One particular consequence of negligible geometrical effect
is that one can use a relatively small representative part of a large module to characterize its
integral non-uniformity loss. This brings about the question of size dependent effects, which
we have answered by varying N in our simulations. Shown in Fig. 3.11 scaling dependence
SD o< N™® with a =~ 0.74 for random V. and o = 0.64 for random Jsc distributions, points
at a nontrivial physics underlying our results (for example, one would expect o = 0.5 for a

superposition of mutually independent PV elements), which is yet to be understood. From
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the practical standpoint, our result shows that submodules of several tens of elements are

quite representative statistically.
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Figure 3.12: Size dependence of the module mismatch loss for the cases of randomly distributed

Vo and J,. with the relative mean deviations of 13.2%.

The mismatch loss was estimated for modules of different size with the same statistical
Voe and Jy, distributions (Fig. 3.12). The results show that a certain fraction of power,
independent of N and comparable to the relative fluctuations in random parameters, is
lost due to the mismatch. While this has important practical consequences, the underlying
physics remains to be explored.

Series and scribe resistances. Series and scribe resistances interfere with the nonuni-
formity effects. For a uniform module, it is well known that the series resistance lowers the
efficiency. To the contrary, for a non-uniform module, lower value of R, can enhance the

16,24

efficiency loss. . In turns, the latter effect depends on the scribe resistance (Fig. 3.13),

which we explain by the role of shunting through scribe lines.

Conclusions Nonuniformity effects in large are PV modules exhibit several important
features: 1) Geometrical distribution of nonuniformities across the module has only a minor
effect on its efficiency; the latter is almost entirely determined by the distribution statistics
(average and dispersion) as opposed to the geometry. 2) Module statistical characteristics
exhibit non-trivial scaling dependencies vs. module size. 3) Mismatch loss is close to a

certain fraction of module power and is independent of the module size. 4) Module series
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Figure 3.13: Relative efficiency vs. series resistance R for two different R,’s.

and scribe resistances interfere with nonuniformity effects offering a possibility to optimize
combined nonuniformity and ohmic losses. 5) We have found the PSpice software to be an

adequate tool for nonuniformity modeling.

3.4. Back contact and reach-through diode effects in thin-film photovoltaics

Introduction Applying a metal contact on a semiconductor device often results in a
Schottky barrier which affects current collection. This is particularly detrimental to pho-

[44

tovoltaics (PV) where the barrier acts as a diode in the “wrong” direction, opposite to the
main junction, thus blocking the photo-generated charge carriers. This phenomenon, known
as back barrier or back diode or back surface field, can affect all major PV materials, such
as cadmium telluride (CdTe), silicon, and copper indium gallium selenide (CIGS).*

A common model for the back barrier effects is the equivalent circuit of a leaky back diode
in series with the main junction photo-diode. One result of such modelling is a rollover in
the first quadrant of the current-voltage (J-V) characteristics (Fig. 3.14 (b)); such a rollover
has been observed many times.*?® Another obvious result is that, since the back diode does
not generate photocurrent, it does not affect the device open circuit voltage (V).

The latter prediction is however inconsistent with numerous observations that back con-
tact recipes have profound effects on the device V,..* For example, there are several practi-

cally established recipes of making a “good” back contact for the case of CdTe based PV;2>37
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(b)

Figure 3.14: (a) Schematic band diagram of CdS/CdTe cell showing the main junction and back
barriers in the absorber layer (CdTe); V,,, and Vp are the main junction potential drop and the
back barrier height, respectively, the dotted vertical line shows the metallurgical junction (b) J-V
characteristics and equivalent circuit for a photovoltaic device with a back barrier operating in the
back diode regime composed of the main junction J-V characteristic (1) and leaky back diode J-V

characteristic (2).

other PV technologies have their own specific back contact recipes.

In this section we show that the back diode concept fails when the barrier grows above a
certain height (in the range of practically significant values). Beyond the back diode regime,
the system turns into a qualitatively new regime, which in the physics of semiconductor
devices is known as the reach-through diode.® The transition between the back diode and
reach-through diode regimes will be shown to depend strongly on the back surface state. This
paves the way to understanding the back barrier effects on device performance. While our
consideration and experimental results below mainly concerns thin-film CdS/CdTe devices,

they lead to some general conclusions that may apply to other types of photovoltaics.

Back diode vs. reach-through diode regimes Shown in Fig. 3.14 is a band di-
agram of a PV device with a back barrier. For illustration purposes, its main junction is
representative of a CdS/CdTe PV device. However, the specifics of the main junction do
not have any significant effect on the discussion below, which focuses on the effects of the

back contact on the device.
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Figure 3.15: (a) Band diagram of the standard device absorber layer where the back contact is
not very high and operates in the back diode regime. (b) Band diagram of a back barrier blocked
absorber layer under short-circuit conditions. (c) Same under reach-through conditions, V' > V.
(d) The corresponding J-V characteristic (RT) is shown in comparison with that of the standard
device (with back barrier operating in the back diode regime (BD)). The solid line shows the J-
V characteristics of a composite device consisting of the standard and reach-through devices in
parallel. In the latter, the reach-through voltage (Vrr) appears to play the role of the open-circuit

voltage when Vi < V..

We start by noting that the back diode concept implies no space charge accumulation,
hence, the barrier is low enough to let a charge carrier (hole in the case of Fig. 3.15 (a))
leave the device before another carrier is generated nearby. When the back barrier height
Vp grows above a certain value, it blocks the holes and the device supplies no current even
under short-circuit conditions. Instead, the photo-generated electron hole pairs recombine
as illustrated in Fig. 3.15 (b). Applying a forward bias above a threshold value V' > Vgr,
turns the device into the reach-through regime where the forward current is not blocked by
the main junction barrier. It then flows freely provided that the window layer is transparent
enough [Fig. 3.15 (c)], which we will assume in what follows. The corresponding J-V
characteristics [Fig. 3.15 (d)] will have a threshold voltage Vzr which depends on the main
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junction and back contact built-in potential (barrier) heights, V;,, and Vj, respectively.
The latter dependence can be specified assuming uniform doping, which makes the electric
potential parabolic in the coordinate. In particular, the parabolic potential maximum can
be expressed in the terms of V,,o and Vg, where Vo is the maximum potential V,, when no
back barrier is present (Vp = 0). The reach-through condition requires that in response to
the external bias Vgr, the position of the latter maximum shifts by [, (Fig. 3.14 (a)) to

approach the window layer edge. This enables one to estimate

Vrr = 2Vino <1 — 4/ E) (3.4)
VmO

Thus either a weak main junction (low V0, due to insufficient doping or other factors
affecting the built-in voltage) or a strong back barrier (high Vp) will lead to low reach-
through voltages Vgr.

The photo-generated charge carrier blockade can take place already for moderately high

back barriers of several tenths of electronvolt, in the range of observed values,?>%

as seen
from the following estimate. The number of charge carriers overcoming the barrier by ther-
mal activation per unit area per unit time is ~ nvexp(—Vp/kT), where v is the carrier
velocity and n is the quasi-stationary electron concentration. This should become com-
parable to the recombination rate per unit area l[yn? to make the charge carrier blocking
significant. Here v (cm™3s7!) is the recombination coefficient. We assume that recombina-
tion occurs uniformly over the film thickness [ (Fig. 3.14) and the generation rate is high
enough to result in quadratic recombination. The steady state balance implies the recom-

bination rate comparable to the electron generation by the fully absorbed light of intensity

I, in photons per time per area. Equating, in the order of magnitude, all of the above rates

kT v?
= —1 — . .

-1

gives

For numerical estimate we use a one sun light intensity I ~ 10" em~2s~! and velocity

v~ 108 cm s7!

corresponding to the anticipated kinetic energy of the order of Vg ~ 1 eV
(note that such Vg is much greater than the thermal energy £7"). Also, we assume a typical
v ~10710 — 10712 em3s71,38 and [ ~ 1 um. This gives Vg ~ 15kT ~ 0.4 — 0.5 eV, which is
in the range of practically significant values.

While oversimplified, the estimate in Eq. (3.5) can serve as a rough guide. For example,

taking into account the effects of spacial separation of electrons and holes, and finiteness
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of the light penetration length will change v and I. Because these are logarithmically
dependent, this change will not have too strong an effect on the above estimate in Eq. (3.5).

The most sensitive approximation behind Eq. (3.5) is that it completely neglects electron
tunneling. The latter is more difficult to evaluate for it depends on the barrier shape,
generally unknown. Also, such tunneling can be thermally and defect assisted, which makes
it laterally nonuniform.3% 4!

Theoretical estimates of defect assisted tunneling (see review in Ref. 41) are based on the
concept of rare yet most efficient N-defect pathways through the barrier. Electrons penetrate
the barrier along these pathways in N successive tunneling steps of length ~ L/N where L
is the barrier width. Each step has exponentially large tunneling probability exp(—L/Na)
compared to that without defects, exp(—L/a) where a is the electron wave function decay
length. Because of the probability of N-defect pathways, statistical fluctuations in local
defect concentration have an exponentially strong effect on tunneling. In particular, local
spots with relatively low defect concentration are not suitable for tunneling and are described
by the above estimate in Eq. (3.5). To the contrary, spots with relatively high defect
concentration will provide efficient tunneling pathways. For them, the characteristic barrier
height, above which the reach-through diode regime dominates, will obviously be higher
than the estimate in Eq. (3.5).

The above theoretical consideration implies a generic band diagram (fig. 3.14 (a)), where
a potential band offset at the CdS/CdTe interface does not form a potential barrier for the
electrons. This simplification may be adequate for the case of CdS/CdTe devices*?. In the
alternative case of a significant potential barrier for holes between the window and absorber
layer®3, the blocking effect will become even more significant.

We shall end this section with the conclusion that a device containing a back barrier can
operate in either standard (back-diode) or reach-through diode regime. The latter takes
place if the back barrier is high enough and has the J-V characteristics with zero short-
circuit current (Jg.) and rather low “lift off” voltage Vgr, above which the current increases
drastically [Fig. 3.15 (b)]. In particular, Vrr can be much lower than the standard device

open-circuit voltage V. ~ V.

Reach-through microdiodes In photovoltaic devices, J-V characteristics with J,. = 0

(illuminated) are of no interest. However, abnormally low “lift off” voltages (commonly re-
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ferred to as a low V,.) are a known phenomenon empirically attributed to the back contact.?

In this subsection we show how the “low V,.” feature can be explained by reach-through
microdiodes, which are defined as local regions operating in the reach-through diode regime.
We also note that both the back barrier and the main junction are laterally nonuniform,
as are interface barriers in many systems (see Refs. 16,44). In particular, while transparent
enough on average, the back barrier can have rare microscopical “bad” spots of low hole
transparency.®> They and/or locally weak main junction spots turn the corresponding local
regions into reach-through microdiodes. The latter are connected in parallel with “standard”
microdiodes whose V,. are independent of the back barrier height (as explained above).

For V,. > Vgp, such a circuit exhibits a J-V characteristic with short-circuit current J,.
close to that of the standard microdiodes. This “standard” .J,. however combines with the
apparent “low V,.” whose role is played by the reach-through diode Vg7 as illustrated in Fig.
3.15 (d). Such a J-V characteristic reproduces the observed “low V,.” feature and explains
how an optically inactive back surface can affect the device V..

At first glance, it is counterintuitive that local spots of low back barrier transparency
significantly decreases the system V., for the current should flow around such spots, making
their presence immaterial. However, exactly because of the photocurrent flowing around,
such spots find themselves under significant forward bias where they become nonlinear shunts
(illustrated in Fig. 3.16) and decrease the system V..

Shunting by reach-through micro-diodes is similar to that by weak diodes analyzed in
Ref. 16. We recall that the weak diode concept phenomenologically introduces micro-diodes
with low V,. and standard J,.. It is immediately apparent from Fig. 3.16 that the diode
shunting ability is due to its J-V characteristics in the first quadrant, and the value of J,.
is irrelevant. (In particular, Fig. 3.16 represents the same physics as Fig. 4 in Ref. 16). In
view of this similarity, several important results of the weak diode theory can be extended
to the case under consideration (given below in the terms and notations of this work).

(a) The effect of a reach-through micro-diode spans the screening length

L= \/(‘/OC - VRT)/pJ807 (36)

where J,. is understood as a specific current (per area or length depending on the system
dimensionality). The physical meaning of L is that the fluctuation in electric potential is

balanced by the potential drop J,.L?p across the resistive electrode of linear dimension L.
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(a)

A
A
\ 4
\4

Figure 3.16: (a) Equivalent two-diode circuit (inset) and J-V characteristics of the reach-through
micro-diode (shunting the current) and its more robust neighborhood (supplying the current ).
The reach-through micro-diode finds itself under forward bias and runs exponentially high forward
current. (b) Current distribution in a system of robust diodes surrounding a reach-through diode.
Fat arrow shows shunting current through the reach-through micro-diode, with polarity opposite to
that of the photo-generated currents supplied by the majority of micro-diodes. L is the screening

length.

It applies to both the one-dimensional (D=1) and two-dimensional (D=2) cell. For D=1,
Lp and J,.L represent the resistance and current, and p is understood as the resistance per
unit length. For D=2, the resistance is represented by the sheet resistance p and the current
is Jy.L?. The maximum screening length L., corresponds to Vrr = 0 (dead shunt). It
can also be shown that the minimum screening length L,,;, is defined by Eq. (3.6) with
Voe = Vrr = kT /e. The length L varies over a wide range depending on the sheet resistance

and photocurrent, typically from 1 mm to 1 m.
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(b) There is a dimensionless parameter

10\ 2e(Voe — Vir)
£= - (me> exp [ T ] : (3.7)

such that when & grows through its critical value (of the order of one)!®4¢ then the system
undergoes a phase transition from the regime of small fluctuations to that of large fluctua-
tions. Here ¢ (< 1) is the dimensionless concentration of reach-through micro-diodes, b is a
micro-diode linear size, and the macroscopically averaged open-circuit voltage is defined by

— ]{ﬂ 6( RT — oc)
Ve =Var — —1 Wi = Voo) | | .
RT . H{C+eXp |: LT :|} (3 8)

(¢) In the small fluctuation regime, the macroscopic open-circuit voltage only slightly
fluctuates between nominally identical cells and is close to V.. In the strong fluctuation
regime, the measured V. is lower than V. and varies considerably between nominally iden-
tical devices.

We emphasize that the above mechanism of low observed V,,. implies robust micro-diodes
with V,. > Vgp in parallel with reach-through microdiodes. In the opposite case of V. <
Vrr, the presence of reach-through micro-diodes will have almost no effect on the device J-V
characteristics [which can be understood from a diagram similar to Fig. 3.15 (d), but with
Vioe < Vrr]. In other words, reach-through diodes are detrimental to strong main junction
devices (high Vgpy, Table 3.3), while they should not affect weak main junction (low Vgpy,
Table 3.3) cells (poorly doped, etc.).

Model predictions Summarized in Table 3.4 are predicted features related to the
presence of local spots of low barrier transparency and corresponding reach-through micro-
diodes. Here we briefly comment on each of the features; their experimental verification is
described below.

Based on the above understanding of the “low V,.” feature attributed to Vgr [Egs. (3.4),
(3.8)], and taking into account that Vgr does not depend on the light intensity I, the
observed low V. is also predicted to be independent of I. This distinguishes the reach-
through related low V. from other low V,. causes, such as e. g. a weak main junction. (We
recall that the latter leads to a readily verifiable V,,. = const +1In1.)

The next feature seen from Fig. 3.4 is that since the back barrier is not functioning as a

back diode in the reach-through regime, there will be no rollover in the J-V characteristics,

30



which appear abnormally steep, again quite different from the case of “good” high V.
devices.

Based on the existing reach-through diode theory,%*" one can expect the J-V curve lin-
earization related to the space-charge-limited current at high voltages, J o vV, where vy
is a saturated high field charge carrier velocity. vs can depend on the light intensity; in the
simplest approximation, vs < I. The corresponding characteristics will be J oc V1.

When low in concentration (¢ < 1), the reach-through micro-diodes do not affect the
device surface photovoltage Vspy. Indeed, since Vgpy is measured without back contact
metal, different microdiodes are electrically insulated. Hence, the contribution from reach-
through micro-diodes is small in the measure of ¢ < 1. Therefore, removing the back metal
from a low V. device will leave a surface with high Vspy > V..

The above-mentioned possibility of strong fluctuation regime leads to the prediction of
possible extremely high variability between nominally identical devices with low V,.. [Note
however that the observed V,. can be consistently low between nominally identical devices
if ¢ < 1in Eq. (3.7).]

Finally, we recall that the case of Vg > V,. makes the reach-through micro-diodes
immaterial. This translates into the prediction that devices with low Vgpy (weak main

junction) will not exhibit the above listed features.

Experimental verification In the experimental part of this work, we used a 0.12 pym
thick n-type CdS and 3.5 pm thick p-type CdTe deposited by close-space sublimation (see
Ref. 3). A transparent conductive oxide (TCO) layer of sheet resistance 12 /] on a glass
substrate (Teclb glass from Pilkington) underlying the CdS was used as a front electrode.
The structures underwent the standard anneal in the presence of CdCl, vapors known to im-
prove electrical characteristics.” We prepared several types of devices implementing different
combinations of main junction and back barrier parameters as described below.

Back contact deposition. In this work, different back contacts were used (see Table 3.3).
Au and Cu/Au back contacts were deposited by evaporation on a cold substrate. ZnTe:N
was deposited by reactive R.F. sputtering using 3% Ny in the sputtering gas (Ar). The
substrate temperature was kept at 360 °C. Ni was deposited by D.C. sputtering on a cold

substrate.
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Buffer layer technology. In several cases, the main junction was affected through the
CdS interface where we additionally deposited (on the TCO) a 0.1 pm thick tin-oxide based
buffer layer®?. Its sheet resistance (= 1.2 - 10%Q/0J) was much higher than that of TCO,
yet low enough to consider it a metal in the sense that its Fermi level lies above that of

48-50 which shows up in

the CdS film. A buffer layer improves the main junction quality,
significant Vspy increase. In this study, samples with buffer layer were used as strong main
junction devices. The strong junction was combined with “bad” back contacts (no-anneal

Cu or ZnTe:N recipes; Table 3.3) or “good” back contact (Au in Table 3.3).

Table 3.3: Experimental verification of main junction vs. back contact quality predictions

Back Contact|TCO/CdS/CdTe|TCO /buffer/CdS/CdTe

Weak junction Strong junction

VSPV ~ 550 mV VSPV ~ 800 mV

Au
Good BC Voc = 540 mV Voc = 815 mV

Cu/Au
Bad BC Voc = 490 mV Voc = 650 mV

ZnTe:N/Ni

Bad BC Voc = 540 mV Voc = 670 mV

Gold back contact. Based on its high work function,® Au is expected to form a good back
contact with CdTe, which was experimentally verified.?> We emphasize that unlike many
conventional recipes, Au deposition was not followed by any anneal. In combination with a
strong (buffer layer induced) junction, this led to a device efficiency up to 13%.

Conventional back contact. 1t is typical for CdS/CdTe solar cells that the back contact
deposition is followed by an anneal step, called post-metal heat treatment. When Cu is
used, the anneal triggers Cu diffusion, which improves both the main junction and the back
barrier hole transparency.!®11:5! For the case of ZnTe:N, the anneal lowers the film resistivity
and the back barrier height.5?

As opposed to the conventional approach, no anneal was performed after the back contact
deposition in this work. Therefore, the back barrier height is rather determined by the

difference in work functions between the metal and CdTe. As both Cu and ZnTe have similar
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but lower work functions than Au,%% the back barrier height Vz will be high, resulting in
“bad” back contacts.

As illustrated in Table 3.3, devices without a buffer layer were all weak main junction
cells showing Vspy ~ V,.. For the buffer layer devices only “good” Au back contact had
Vspy = V,.; for all other back contact recipes the measured Vgpy ranged from 800 to 820
mV, much higher than their respective V,.. Note that a no-anneal schedule used led to a
poor quality back contact for all the recipes except pure Au.

¢

In the mean time, the “no-buffer, no-anneal” samples in Table 3.3 showed relatively low
Vspy &~ V,. with clear evidence of J-V rollover. This is consistent with the model predictions

for the case of Vrr > V..

1 Bad BC

—_
()]

Good BC

J, mA/cm?2

[a)
-04 -0.2 00 Qg2 04 06 8 10
] V, Volt

-104

-154

= 204

Figure 3.17: “Bad back contact” J-V characteristics for a cell without interfacial layer (IFL) and
similar cell with good back contact obtained by application of the IFL (designed in Ref. 37) prior

the cell metallization.

Shown in Fig. 3.17 are typical J-V characteristics that demonstrate how a back contact
treatment can change the device V,. and efficiency. It also shows that the low V,. device
has much steeper J-V curve, as opposed to the rollover in the “good” V,. device, consistent
with the predictions in the preceding section. In several cases of “low V,.” devices, strong
variability between cells in the same substrate was observed (measured V,. varying, say,
between 0.15 and 0.7 V). However, in other “low V,.” cases, the measured low V,. were
rather consistent; it was in all cases consistent for the “high V,.” devices. This can be

attributed to the regimes of strong and weak fluctuations respectively, as described above.
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Figure 3.18: “Bad back contact” J-V characteristics for a cell without interfacial layer (IFL) for
different light intensities indicated in the figure. Note V,. independent of light intensities and
extremely large forward currents. Dashed line shows linear dependence in the space-charge-limited

current region.

The J-V characteristics for a “bad back contact” in Fig. 3.18 confirm the predicted
reach-through diode features of low V. independent of light intensity, and steep J-V region
that changes into a more gradual region J o V. The ratios of the photocurrents measured
under different light intensities I turn out to be approximately the same in the short-circuit
(V < 0) and space-charge limited regions (V' > 1V) regimes (Fig. 3.19). Since it is known
for the former regime that J,. oc I, we conclude that the relationship J oc I holds for the
latter regime as well. Following reach-trough diode model, this can be attributed to the
light dependent charge carrier velocity.

In the intermediate region between the reverse current and space charge limited current
regions, the currents do not show any systematic dependence on I, consistent with the reach-
through transport mechanism. In particular, a seemingly singular behavior in fig. 3.19 takes
place in the intermediate region at biases close to the apparent V,.. However, the latter V.
is not the true V,. but rather Vzp, that plays the role of V,. in the reach-through regime.
The particular value of Vgyr >~ 0.4 V is specifics to the device whose J-V characteristics in
fig. 3.18. Other devices will show different Vg, as illustrated in fig. 3.17.

We conclude that our data confirm all the model predictions.

Reach-through micro-diodes can exist in the above-described system due to either local
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Figure 3.19: Ratios of the 1 sun to lower light intensity I currents versus voltage. The ratios are

proportional to 1/1 for the reverse current and space charge limited current regions.

spots of low barrier transparency or weak main junction. For example, pinholes in the

absorber layer (missing CdS grains) can cause lower Vgr.

Practical consideration The present study suggests a novel approach to manufactur-
ing CdTe/CdS devices. The main constituents of it are 1) buffer layer used to achieve high
Voe and 2) “cold” evaporated Au contact that does not require post metal heat treatment
or special surface preparation. This enables one to consistently make ~ 13% devices with a
relatively “thick” CdS layer (~ 1000 A in our study).

We note that these devices do not have any intentional Cu, the latter considered one of
the main degradation sources in CdTe photovoltaics.?* Therefore, these devices are expected

to exhibit superior long-term stability under light soak, preliminarily confirmed.

Conclusions In conclusion, we have presented an expanded analysis of the physics
behind back contact effects in photovoltaics. A significant non-trivial finding is that rare
local spots of low back barrier hole transparency or weak main junction can dramatically
affect the device performance. Our understanding explains how changing the state of an
optically inactive back surface affects the device open-circuit voltage and efficiency. This
and several more specific predictions have been verified experimentally.

In addition, our work suggests a novel practical way of manufacturing Cu-free CdTe
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Table 3.4: Reach-through microdiodes model predictions

PREDICTION VERIFICATION

Low ”Voc” independent

of light intensity yes (Fig. 3.18)

No rollover, steep J-V yes (Fig. 3.17)

”Saturation” current

depending on light intensity yes (Fig. 3.19)

Removing the metal

leaves surface with high Vgpy | yes (Ref. 36)

Anomalous variability
between nominally identical

very low V. devices yes

No such phenomena

for low Vgpy devices yes

photovoltaics that could posses superior stability.
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4. CHARACTERIZATION OF MATERIALS AND DEVICES

4.1. Overview

During the contract period we have developed several experimental techniques for in-
depth photovoltaic device characterization. In our previous annual reports,'? we described
admittance spectroscopy for defect characterization, as well as low-light diagnostic method
for nonuniformity detection. Strong emphasis continued to be placed on materials and
cell characterization through the use of photoluminescence (PL) in different aspects such
as nonuniformity diagnostics via PL. mapping, study of laser-induced material degradation
(PL fatigue),"? and defect identification studies studies in finished devices (in collaboration
with First Solar, LLC),? as well as in ion-implanted CdTe crystals (see Section 4.1). The
latter effort has been extensively supported by our X-ray absorption fine structure (XAFS)

analysis, described in Section 4.3 below.

4.2. Photoluminescence studies on ion-implanted CdTe crystals

Photoluminescence and electroluminescence are convenient and powerful methods to
probe the material properties of an operating solar cell and to investigate the defect states
in the active semiconductor material. PL and EL are particularly convenient for studies of
the junction region. However, the unambiguous identification of the transitions responsible
for the light emission, particularly in polycrystalline thin films has been elusive. Partly
to address this difficulty of identification, we have made a series of measurements on sin-
gle crystals which have received calibrated doses of known atoms from ion implantation.
The disadvantage of ion implantation is that large numbers of defects are created, typically
1000 displacements for each atom implanted. In the academic year of 2001, we studied Te-
implanted crystalline CdTe supplied by Keystone Crystal Co. PL studies on these implanted
crystals showed that among the successive 30-minute anneals at temperatures from 350°C
to 425°C in Ny atmosphere, using a CdTe film as a proximity cap, 400°C annealing allowed
the implantation-induced damage to be removed.

The ion-implant-doped studies continued during the academic year of 2002. A study of
Cu implants was accomplished. The ion implantation is done through collaboration with

the atomic physics group at the University of Toledo with the accelerator in the Physics
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and Astronomy Department. The positive Cu ions were implanted into crystalline CdTe at
3 different energies: 440, 220 and 100 keV in the ratio of 78%, 14% and 8% to obtain total
doses of 2.8x10, 2.8x10 and 2.8x10'®/cm?. The projected range and range straggling
are respectively 0.1784 and 0.099 pm from Monte Carlo calculations using "SRIM” - The
Stopping and Range of Tons in Matter).? These energies produce project range matching the
absorption length of 0.09 um for the 488nm Ar laser and 0.35 pm for the 752nm Kr laser
used for PL excitation. Annealing at 400°C in Ny was done to remove most of the vacancies

and interstitials produced by the implanted ions.
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Figure 4.20: Power-dependent photoluminescence on 2x10'3 /cm? Cu-implanted and annealed sam-
ple excited by 488 nm Ar laser. Broad peak at 1.47 eV shifts to higher energy with laser power.
Dashed lines: peak of DAP transition obtained from deconvolution (centers of peaks are labeled);

solid lines: data.

Low temperature (10K) PL from the implanted and annealed crystal CdTe was studied
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at excitation power densities of approximately 2, 20 and 200 mW/mm? (~2, 20, and 200
suns) to help identify the origin of the various features. For example, the bound-exciton
peak near 1.593 increases superlinearly with laser intensity whereas the deep donor-acceptor
pair transitions near 1.44 eV are sublinear in excitation intensity. The Cu-implanted crystals
have a new peak at 1.46-1.49 eV which shows a characteristic shift toward higher photon
energies with increasing excitation intensity. This helps to identify this peak as arising from
the spatial distribution of donor-acceptor pairs. We suggest that this peak arises from a Cu
acceptor substitutional on a Cd site together with an as yet unknown donor.

This effort on ion-implanted CdTe crystals and films was continued with the implantation
of Cl ions in the academic year of 2003 and 2004 and was expanded through collaboration
with Nikko Materials Co., Ltd (NM), who supplied high quality single crystal CdTe for our
further PL study. The PL on their undoped wafer, figure 4.21 a), suggests extremely low
defect concentrations. The normal broad defect band from 1.39 to 1.44 eV (see, for example
figure 4.21 b)) is not observed on the Nikko wafer. The phonon-assisted exciton (1.577e¢V)
and bound exciton (1.588-1.592¢V) emissions are much stronger than usually observed in
wafers from Keystone Crystal Co. (KC). Although a second wafer from NM had defect
emission similar to that of the KC wafer, it still had strong exciton emission, as shown in
Figure 4.21 b).

Due to the small size of the higher quality CdTe wafer supplied by NM, we could only
prepare one Cl-implanted piece of this type. A power-depent PL study was done on these
Cl-implanted high quality CdTe wafers before and after annealing. The PL data (not shown)
were obtained with five different laser excitation powers in the range from 1 to 125 mW /mm?
for both 488nm and 752nm lasers. Deconvolution of spectra is in progress to obtain the
intensity of each peak, such as free-exciton, bound-exciton, free-to-bound and donor-acceptor
pair (DAP) transitions, so that the origin of these transitions can be identified.

A more extensive study of Cl implants was done on the second quality CdTe wafer from
Nikko Materials Co. Clttand CI* ions were implanted into the crystal, at three different
energies: 400, 200 and 100 keV with fractional doses in the ratio of 72.5%, 18.8% and 8.7%
to obtain total four different doses of 1.22x10'%, 4.07x10'%, 4.07x10'® and 4.07x10'* /cm?
(corresponding to Cl concentrations respectively 3x10'6 1x1017, 1x10'®, 1x10'® /em?). The
projected range and range straggling at 400 keV are, respectively, 0.2642 and 0.1429 pm

obtained from SRIM.? Thus we expect approximately uniform implanted ion concentrations
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Figure 4.21: a)PL on undoped first quality CdTe wafer from Nikko Materials Co., Ltd with high
quality, excited by 350 sun laser; b)PL on second quality CdTe wafer from Nikko Materials Co.,

Ltd and Keystone Crystal, excited by 100 sun 752nm lasers.

to a depth of ~0.4 ym. These energies were chosen to match the absorption length of the
752 nm PL excitation laser (0.354m). Annealing at 400°C in Ny for 30 minutes was done to
remove most of the vacancies and interstitials produced by the implanted ions.
Photoluminescence was collected before and after annealing. The dramatic changes after
annealing are presented in Figure 4.22. The intensities of the whole spectrum, including
defect-band, band-to-band, and bound-exciton emission, increase with Cl dopant concen-
tration. The broad band at 1.54 eV in the spectrum of the wafer with 1x10' /em? Cl, is

suspected as being due to insufficient annealing. Longer times or higher temperatures may
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Figure 4.22: PL. FROM annealed Cl-implanted CdTe wafer from Nikko Materials Co., Ltd , excited
at 37 sun, 752nm. a) full spectrum; b) bound-exciton band shifting to lower energy as Cl dopant

increases.

be necessary for crystal regrowth when the implanted region is fully amorphized as is likely
the case here. The bound-exciton emission peak shifts to lower energy as the Cl concentra-
tion increases as the D°X line at 1.590 eV starts to predominate and overwhelm the other
suspected DX peak at 1.5925 eV (Figure 4.22b), both of which are distinguishable in the PL
of the undoped sample. We suggest that the peak at 1.590 eV is the D°X transition where
the donor is Clp, with the electron binding energy E;= 14 meV* and the CdTe band-gap
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FEy=1.604 eV at 10K. The other peak at 1.5925 eV appears also in the intrinsic CdTe crystal
and there is no other implanted element besides Cl, we suggest this is an exciton bound to

a non Cl-related donor.

4.3. Cu K-edge XAFS in CdTe before and after treatment with CdCl,

X-ray absorption fine structure (XAFS) is a powerful technique for understanding the
lattice environment around specific atoms.® We have used the fine structure in the Cu K-
edge x-ray absorption spectrum to help elucidate the lattice location of Cu in polycrystalline,
thin-film CdTe solar cells. In particular, we have studied how the typical CdCly vapor
treatment in dry air changes the local environment of the Cu in CdTe. Copper is found
to bond to tellurium in form of CusTe in the as-deposited CdTe film but mainly bond to
oxygen as CupO when Cu is diffused into films with prior vapor CdCl, treatment in air.

The 2-3 micron CdTe layers were magnetron sputtered at ~ 250°C onto fused silica
substrates.® All the samples were prepared with 40 - 200A evaporated Cu layers. Diffusion
in Ny at 150 or 200°C for at least 45 minutes was applied to all samples. On some of
the samples, short 5% hydrochloric acid etchings were also applied to remove any metallic
copper left on the film surface. Some of the samples were annealed at 385°C in CdCly vapor
in dry air for 30 minutes, before Cu deposition, diffusion and etching. These samples were
compared to the non-chloride treated samples.

With assistance from Dr. Jeff Terry, data were obtained at the Materials Research
Collaborative Access Team (MR-CAT) beamline at the Advanced Photon Source (Argonne
IL) with the system shown in Fig. 4.23. The Cu K-edge x-ray absorption spectra of the
Cu-doped CdTe samples were collected in a fluorescence geometry with a 13-element high
purity Ge detector, by setting a 600 eV wide window at the position of Cu Ka (8048 eV)
in the fluorescence spectrum, since the copper fluorescence intensity is proportional to the
absorption by copper in the thin films. Reference powders of CuO, Cuy,O, CuCl, and CuyTe
were applied to the adhesive of several layers of Kapton tapes and the absorption spectra
were collected in the transmission geometry with detection by a Ny ion chamber (Transmitted
Intensity Monitor).

The X-ray absorption fine structure spectrum from the absorption edge of the element

itself and a point usually 50 eV beyond the threshold is called XANES (X-ray Absorption
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Figure 4.24: XAFS spectra emphasizing on the XANES region. a) Non-chloride treated CdTe films
with diffused copper show features similar to Cu2Te; b) chloride-treated CdTe films with diffused

copper show features similar to Cu20 and CuO.

Near Edge Structure). As shown in Fig. 4.24, comparison with reference materials in the
XANES region usually helps to understand the predominant chemical bonds surrounding
the core atoms in unknown samples. Before CdCl,y treatment all of the CdTe films are

observed to have features similar to CuyTe (see Fig 4.24a). However, the films with CdCl,
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treatment show features most similar to Cu,O and CuO (see Fig. 4.24b). For convenience

of comparison, absorption curves in relative magnitude are plotted in Fig. 4.24.

18 r e dCI2 treated CdTe:Cu film on Qtz.

as-grown CdTe:Cu film on Qtz.

Cu20(x 2)
—Cu2Te(x1.4)

Magnitude of Fourier Transform

Figure 4.25: Fourier Transform of EXAFS.

EXAFS (Extended X-ray Absorption Fine Structure) refers to the periodic oscillatory
structure in the absorption spectrum beyond the edge, is extracted from the x-ray absorption
spectra by removing the background and is usually plotted in k (wave number) space. Finally
the Fourier transform of this fine structure vs. r is computed.® Our analyses were performed
through IFEFFIT an interactive program for XAFS analysis.”

The magnitudes of the Fourier transform (FT) for the two cases - without CdCl, treat-
ment and with CdCl, - are shown in Fig. 4.25, although coordinates of peaks are not the real
distance of neighbors from the core atoms, since photoelectrons are scattered by the outer
electron shells of neighbor atoms instead of their nuclei. In the magnitude of the Fourier
transform of Fig. 4.25a, we also observe that the strongest peak at 2.42 A is shift to shorter
distance from origin by about 0.1 A than the one in cuprous telluride, but otherwise there
is a strong correspondence.

For the films with CdCl, treatment and then doped with Cu, the shape of the FT of
EXAFS and the position of the peaks are substantially different. Thus, we infer that the

chemical environment of the typical copper atom is substantially changed from untreated
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films doped with Cu and strongly depends on whether the CdTe films are Cl treated prior to
Cu diffusion. The first peak resides at a position neither the same peak as cuprous telluride,
CuyTe, nor cupric chloride, CuCly, but corresponds closely to cuprous oxide, Cuy,O at 1.50
A, as shown in Fig. 4.25b. Since the second nearest neighbors of copper in cuprous oxide
are copper atoms,® the fact that the second nearest neighbor peaks, in Fig. 4.25b, are very
different suggests that we are not seeing nano-crystal inclusions of cuprous oxide but rather
copper-oxygen clusters formed in the film or quite likely along the grain boundaries. The
magnitude of the FT mostly depends on the coordination number in the neighbor shell.
Further theoretical modeling shown below gives additional information on bond lengths and
coordination numbers.

We also observed that the features similar to CusO in CdCl, treated CdTe films are
removable by HCI acid etching. After 10 seconds of etching in 9% HCI acid, most remaining
copper atoms are found to be bound with Te as in the non-treated CdTe films, with a small
portion of copper bound with O as Cuy0O.?

To avoid the complications of HCI etching on the CdCl, treated CdTe film, we prepared
a sample using the same procedure as before but without etching and with a longer diffusion
time. The 2.5 micron CdTe layers were magnetron sputtered at ~250°C onto fused silica
substrates, followed with 40 A evaporated Cu layers and diffusion in flowing N, at 200°C as
all other samples. The diffusion time for this sample, now even, was 4.5 hours rather than
30 minutes as other samples.

The Fourier transform of the EXAFS of this long-diffused, CdCly treated CdTe:Cu film
confirms that most copper is bound with oxygen as CuO in a treated CdTe film, as shown
in Fig. 4.26(a). The major peak at 1.50A refers to the Ist neighbor shell around copper
atoms, which is only a small shift from the 1st neighbor shell of CuO reference at 1.56A.
However some of the copper in the film appears to bond with Te, as shown in Fig. 4.26a),
the peak at 2.45A and the shoulder at 2.0A compared with the two peaks of Cu,Te (refer to
Fig. 4.25a)). This can be explained if most CusO decomposed into CuO and Cu as a result
of the 4.5 hours’ heating in N, while the elemental copper atoms diffuse into the CdTe bulk
and form CuyTe.

We also did an XAFS scan on CuCl to compare with CuCl,. The Fourier transform of
CuCl and CuCly, Fig. 4.26 b), shows similar bond length and structure except for weaker

magnitude of scattering, which is reasonable for the smaller coordination number of copper
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Figure 4.26: a) Fourier Transform of CdCly treated CdTe:Cu with long diffusion (ct070) and
theoretical fitting; b) comparison of CdTe:Cu (ct070) with CuCl and CuCls.

in CuCl. Although CuCl is more enthalpy of formation than CuCls,, it is not proved to exist
in CdCly treated films by the XAFS experimental data. Neither CuCl nor CuCly is found
to have same bond as in Cl treated CdTe:Cu films.

In the last quarter of this contract, we used the computer modeling program FEFF
to fit the EXAFS data and obtained detailed information about copper local structures in
polycrystalline CdTe after different processing. FEFF is an automated program for ab initio
multiple scattering calculations of XAFS and XANES spectra for clusters of atoms. The
code yields scattering amplitudes and phases used in IFEFFIT, as well as various other
properties. And then IFEFFIT combines the scattering amplitudes and phases of all the
selected paths to simulate the real spectrum. Spectra of reference samples were fitted first
to determine the most important contributing paths so that the paths that also contribute
in unknown samples could be chosen. Overall threshold energy shift(AE,), product (N*S,?)
of coordination number(N) and overall amplitude parameter(S,?) of each path, mean square
disorders(0?), and path lengths(R) were automatically computed in IFEFFIT as fitting
parameters.

As shown before, films without prior CdCly treatment are observed to have features

similar to CuyTe. From the fitting (Fig. 4.27a), the first and second strong peaks in the
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Figure 4.27: Fourier transform of Cu K-edge EXAFS function. Fine lines: experimental data, thick

lines: theoretical fitting.

Fourier transforms indicate Te and Cu neighbors around Cu in as-deposited CdTe film (Table
4.5), forming clusters similar to CuyTe structure.® Meanwhile these Cu-Te and Cu-Cu bonds
are observed in all the copper-diffused CdTe films despite the history of the films.

In the case of CdCl, treated CdTe films followed by copper diffusion(Fig. 4.27b), the
predominant peak is identified as arising from oxygen neighbors around copper with coor-
dination number of 1.4 at a distance 1.88 A, which is only 0.03 A farther than the nearest
neighbor (oxygen) from copper atoms in a CupO crystal.® Since besides this Cu-O bond
no other bond same as in Cuy,O was found, it suggests Cu impurities do not form CuyO
inclusions in chloride treated polycrystalline CdTe. Other two minor peaks are identified

as Cu-Cu and Cu-Te bonds same as in as-deposited films and Cu,Te except for 0.06 A and
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0.15 A distortions respectively. Our first sample that was discovered with Cu,O is actually
protected by 55 A Au from oxidization by air, which was deposited right after Cu evapora-
tion. This convinced us that the CusO in CdCl;, treated CdTe polycrystalline film resides
in the film (e.g., at grain boundaries as was proved later), instead of arising from metallic

copper left on the film surface subsequently oxidized when exposed to air.

Cu in as-deposited CdTe film Cu in CdCl, treated CdTe film

bond scattering N [R(A)|0?(A?)| AE, bond scattering N [R(A)|0?(A?)| AE,

Cu-O(Cu0)* | 1.4 | 1.88 |0.0012

Cu-Cu 2.6 |2.2710.0275| 3.3 Cu-Cu 1.6 | 2.28 |0.0130| 4.9
Cu-Cu 1.4 | 2.51 [0.0057 Cu-Cu 4.4 |251(0.0175
Cu-Te 3.5 | 2.56 |0.0219 Cu-Te 4.6 | 2.52 10.0314
Cu in CdCl; treated CdTe film Cu in CdCl; treated CdTe film

followed by HCI etching with long diffusion

bond scattering N |[R(A)|0?(A?)| AE, bond scattering N |R(A)|0%(A?)| AE,
Cu-O(Cug0)* 0.8 | 1.92 10.0058 Cu-O(CuO)* 1.0 | 1.90 | 0.0057

Cu-Cu 8.5 12.300.0289| 2.7 Cu-Cu 1.2 12.32|0.0018| 2.2
Cu-Cu 6.3 | 2.56 |0.0167 Cu-Cu 9.5 | 2.5710.0147
Cu-Te 3.0 | 2.550.0095 Cu-Te 3.4 | 2.56 |0.0062

Table 4.5: FEFF fitting results on parameters of local structure around Cu atoms in different CdTe
polycrystal films. Note: (1) (Cuz0)*, (CuO)* mean contribution from Cu-O bonds selected from
Cu20 or CuO crystal structure respectively; (2) All the other scattering paths arise from Cu-Cu
and Cu-Te bonds selected from the CuyTe structure; (3) Since single scattering paths are the ones
with strongest scattering magnitudes, we are presenting only single scattering paths obtained in
the fitting and ignore other multiple scattering paths. For example, the path Cu-Te means an
electron emitted from Cu atom is scattered back by the neighbor Te atom, and returns to the

initial Cu atom.

Some of the chloride treated samples were chosen for etching by 9% HCI acid for 10
seconds, right before collecting EXAFS signal. The experimental and theoretical (Fig. 4.27
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and table 4.5) fitting results suggest that most copper bond to Te and Cu by forming CuyTe
clusters with only small portion of them bond to oxygen. This is consistent with the much
faster etching rate of CuyO in HCI acid than CuyTe. Concerning less than 10 seconds HCI
etching, we suggest this is evidence that CuyO formed in CdCl, treated films primarily
locates along grain boundaries, where likely HCI could reach and dissolve the Cu,O in such
short period.

Theoretical fitting on the EXAFS of the sample with 4.5 hours diffusion (Fig. 4.27d
and table 4.5) indicates the primary peak arising from oxygen neighbor from distance 1.9 A
with a coordination number of 1.0 as the structure in CuO. We do not observe the second
primary peak arising from next nearest neighbor of copper atoms at distance 2.9 A as in
Cu0,? which demonstrates no clusters of CuO formed in this heating stressed CdTe film.

Since chloride treatment is always performed before copper evaporation and diffusion,
it suggests that this process prepares an oxidizing environment in CdTe films and when
copper diffuses in, with higher electron affinity than Te, O could oxidize Cu and form CusO
on grain boundaries prior to Te. Cuy,O has interesting properties: it is cubic (a=4.27 A),
a p-type semiconducting oxide (in fact, one of the few such binary oxides), and a direct
band gap semiconductor with E;, ~2.0 eV. Covering the boundaries of CdTe grains with
another direct-band-gap semiconductor having E;, ~2.0 eV, CuyO probably plays a role
in passivating grain boundaries. The band gap mismatch between Cu,O and CdTe could
inhibit grain boundary recombination. Similar effects have been observed in real CdTe solar

cells by Iris Visoly-Fisher and David Cahen!? using scanning probe microscopies.
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