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Abstract — Athin layer of Al203 at the back of CdSgTe1/CdTe
devices is shown to passivate the back interface cmrastically
improve surface recombination lifetimes and photolminescent
response. Despite this, such devices do not showimprovement
in open-circuit voltage (Moc) Adding ap* amorphous silicon layer
behind the Al,O3 bends the conduction band upward, reducing the
barrier to hole extraction and improving collection. Further
optimization of the Al2Os, amorphous silicon (a-Si), and indium-
doped tin oxide (ITO) layers, as well as their inteaction with the
CdCl2 passivation process, are necessary to translateette electro-
optical improvements into gains in voltage.

Index Terms — CdTe, AkOs, a-Si,
photovoltaic cells, charge carrier lifetime

passivating oxides,

|. INTRODUCTION

Thin film CdTe photovoltaics have advanced siguaifitly
during the past several years, becoming the madtspread
thin film technology for photovoltaic energy genéra as well
as a cost-effective solution for utility scale eétexal generation.
With improvements in fabrication processes, redeatale
small devices have recorded efficiencies as high2at% [1]
while commercial modules have achieved 18.6% [Zcdnt
developments in module technology continue to diliwen the
cost of CdTe-generated electricity. Utility scatdas costs are
projected to fall as low as ¢1/kWh in the near fatwhile the
current lowest cost of utility scale electricitypmeted with
CdTe photovoltaics is ¢3.8/kWh [3].

While CdTe technology has advanced rapidly, theeestll
challenges to be overcome. Historically CdTe hanhgagued

by a large voltage deficit. Theg¢in many devices range from
820-860 mV as opposed to the 1.2V that is thealyi
possible [4]. The goal of this work is to adapt fressivated
contact technology which has become prominent é kst
silicon-based devices to reduce the voltage defamind in
CdTe devices [5]. The ADs;, having a large bandgap of
approximately 7 eV [6], creates a large barrigvdth electrons
and holes when it is deposited on 1.5 eV bandgapeCd
However, when highly-doped a-Si:H is deposited heéla thin
layer of AbQs, it causes upward band bending that can allow
hole extraction while maintaining the barrier teatons, and
thus should reduce interface recombination, inéngashe
carrier lifetime, and ultimately the 3¢ In oxide-passivated
silicon devices, it has been shown that the abiflityextract
holes is highly dependent upon the oxide thicknesth an
optimal thickness of ~1.3 nm. This thickness presidhe
necessary barrier to electrons while remaining #nough to
allow hole transport through quantum tunneling [7].

Double heterostructures with & and CdSglei.x have
recently been shown to produce carrier lifetime®0-4s,
several orders of magnitude greater than the tififesimes
found in CdTe [8]. Additionally, using ADs only at the back
of an otherwise typical MZO/CdgEe;/CdTe device has
shown lifetimes increased from several nanosectmdsveral
hundred nanoseconds. Photoluminescence experitfugtiter
show an increase in photoluminescent intensity efesal
orders of magnitude when a thin layer o$@{ is deposited at
the back. Despite these improvements, these stasctlo not
result in a higher Yc. The presence of @ layer at the back


https://core.ac.uk/display/288351129?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

enables hole extraction, and thus could be expdctectate an

exposed to Cd@lvapor for 600 seconds at approximately

improvement in \c. Arizona State University has recently 450°C, followed by an anneal at 400°C for 1500 sdsoAfter

demonstrated a monocrystalline CdTe device withopan-
circuit voltage of greater than 1V and efficienagater than
17% using a MgCdTe barrier layer and passivatedCa43
hole-selective contact [9].

In this work, a thin layer of aluminum oxide, foled by a
layer of highly doped amorphous silicon were dejgolsas a
passivating oxide and hole-contact behind Gli&g/CdTe
films with the intent of improving the implied 3¢ and
ultimately the measuredo¢ of these devices.

Il. EXPERIMENTAL DETAILS

The devices used in the study were deposited on NEG
10 soda lime glass coated with fluorine-doped xie (FTO),
a transparent conducting oxide (TCO). A 100 nm,Efg.xO
(MZO) buffer layer was deposited using RF sputegpaskition
with a 4-inch diameter magnetron at 140 W. Gd®e films

were sublimated using an optimized deposition Bsce

followed by sublimation of the CdTe layer. This dyuused
both a 20% and 40% CdSe composition in the Ch&e
source material and as-deposited films had a bapdfy~1.40-
1.42 eV from transmission measurements and Tauc Pphe

CdSeTixVvapor source was heated to 575°C and films of 1 pm

thickness were deposited. After deposition of Gd8g,, the

sample was moved to the CdTe sublimation vapor csour
without breaking vacuum and a film ~2.7 um thick swa

deposited. The CdTe sublimation source temperawes
maintained at 555°C. All samples were fabricatedtha
superstrate configuration. The bandgap of the ¥ilas graded
from ~1.42 eV near the MZO/ CdJe:xinterface to 1.5 eV at
the back due to Selenium diffusion into the CdTetaswn in
[10]. After the deposition of the CdTe layer, théstrate was

removed from vacuum and A); was deposited via magnetron

sputtering with a 4-inch diameter planar magnetrdhe
sputtering was performed in a 5 mTorr Argon atmeselwith
8% Oxygen. RF power was maintained at 240 WOAIvas
deposited to a thickness of 2 nm for devices.

The samples were then shipped to Arizona Stateddsity
for deposition of highly boron-doped (p-type) hygeoated
amorphous silicon (a-Si:H) and Indium Tin Oxide @)l The
a-Si:H was deposited via PECVD at 250%Ca pressure of 4
Torr and RF power of 100 W. Gas flows were 40 so€®iHa,

the CdCl} treatment, the films were rinsed with deionizedera
to remove residual Cdgfrom the surface.

Thereatfter, the films were heated to ~140°C, an@l@as
deposited on the film surface for 120 seconds. s
followed by 240 seconds of annealing at 220°C, lwota 40
mTorr nitrogen background. Two back electrode apnfitions
were used. The back electrode for some devicesomaed by
spraying carbon and nickel paints in a polymer ein®ther
devices received a 200 nm thick evaporated layesileér in
lieu of the carbon and nickel paint. Figure 1 shavgehematic
of the full device structure with the carbon anckei paint. The
individual cells were delineated using a mask agablblasting
to fabricate 25 small scale devices on the sulestidte devices
had an area of ~0.60 ém

Glass - 3.2mm

TCO
MZO - 100nm

Alumina - 2 Jnm

|L\:EU: passivation

*7’ Carb
-~ Nickle paint in a polymer
binder
Not to scale

Copper
Several Monolayers|

Fig. 1.  Schematic of the CdJe:1-~/CdTe graded absorber
device with a layer of ADs and § doped amorphous silicon
(not to scale).

Ill. RESULTS

Figure 2 shows large increases in photoluminesespbnse
as additional back contact layers are added tcCtieqTe:«
devices. This data clearly shows that back-corgemtessing
steps change defect properties through the absadnoérding
the front junction, where PL is excited and recdrd&he
addition of the AOs results in an increase in PL from
approximately 30k counts to more than 100k counlss is

197 sccm of B and 18 sccm of 3% trimethylborane (TMB) followed by an even greater increase up to 400kisowith the

diluted in H. The a-Si:H layer thickness w&sam. A 70nm
layer of ITO was then sputtered using 80/10

addition of the a-Si:H, ITO and a silver back cattdinally,
when the device was annealed in air at 200°C fomiklutes,

In20s/SNG; target. The sputtering process was performed ahe PL doubled again to more than 700k counts. Queab the

room temperature, 500 W (DC power), and 5.5 mTwhich
yielded a film with sheet resistance of 150 ohmésguThe
samples were then shipped back to Colorado Stateetdity.

addition of AbOs, a-Si:H ITO, and Ag with an anneal increased
the PL response by more than an order of magnifoodie, the
baseline CdS&e;.xdevice.

A dry CdCk treatment was performed on the entire structure In order for alumina to be successfully incorpodaieto a

in a 40 mTorr nitrogen background. Cd@lknown to promote
recrystallization and grain growth in the CdBa.x and CdTe
as well as the graded Cd3ex layer. The film stack was

device structure, it is expected that it will neidbe kept
extremely thin, likely less than 2nm to allow fouaptum
tunneling. However, in order to better understarge t
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Fig. 2.  PL response of devices with2@8% and AbOs/a-

Si/ITO/Ag at the back compared to a reference dewith
C/Ni back contact. PL was measured with 520 nmtatian
from the glass/junction side. Laser power was 15mid
beam size was 7nfm

mechanics behind the passivation,, @ films of various
thicknesses were deposited. It was found that vaminAl,Os
was deposited behind the CdTe, the PL response gsetive
Al,O3 became thicker, as seen in Figure 3. Additionaily,
peak-shift was noted as the alumina became thickbich
indicates that the increased oxide thickness isigmiificantly
affecting the amount of selenium diffusion from the
CdSeTeix into the CdTe during the CdQfeatment.
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Fig. 3.  PL Spectra for Cdgkei-«/CdTe devices with various
thicknesses of ADs deposited at the back

Although increasing the alumina thickness showsamdtic
increase in the photoluminescence when it is vam, tthe
marginal gain diminishes rapidly at alumina thickses greater
than 4nm, as shown by the peak PL intensitiesgnrii4. The
increased photoluminescence is important becaiss\ves as
a key precursor to developing increased open tivoliages in
CdTe devices, as will be discussed shortly.
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Fig. 4.  PL intensity versus ADz thickness

Similar to the substantial increase
photoluminescence,  Time-Resolved
(TRPL) measurements show that the addition of heiaa at
the back surface greatly increases the carridirfile Whereas
a typical “baseline” CdS&e;./CdTe device fabricated during
this study has measured lifetimes from 10-30nsjcésvwith
Al,O3 displayed carrier lifetimes of 150ns, as seeniguie 5.
The fact that the absorber structure and thickmseasge kept
consistent throughout this study indicates thatallbenina has
a strong passivating effect at the back interfad¢ese device
lifetimes are amongst the highest measured forgogdyalline
CdTe and are comparable to double-heterostrudfetaries.
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Fig. 5. TRPL decay curve f@dSeTe1/CdTe/ALOs/a-
Si/ITO/Ag device. Two exponential fit shows a carri
lifetime of 150 ns

The CdSgTe/CdTe films used in this study were known
to have a mean surface roughness of approximagaty. This
substantial film roughness paired with the thinGsl made it
necessary to confirm that the alumina was formiogrginuous
and conformal layer when deposited via magnetrattespng.
Figure 6 shows the Scanning Electron MicroscopeV(sand
Energy Dispersive Spectroscopy (EDS) images whigiws
that the aluminum and oxygen signals seem to bsistmt
across many separate grains, although it is diffioudetermine

in steady state
Photoluminescence



100% coverage due to the surface roughness causifgneficial for reducing the barrier to carrier extion through

shadowing effects that reduce the apparent sigaaking the
dark spots in Figs 7B and 7C. The fact that the esalark
patterns are seen on the elemental maps of CdariteSe,
elements which are known to be present everywlmileates
that the reduced signal is likely caused by shadgwind not a
lack of alumina in these locations. These were d&sictures
fabricated specifically for investigating the confality of the
Al;,O3 layer, and as such did not have the additionagray
needed to create devices.

Electron Image 1

Fig. 6. (A) SEM electron image, (B, C, D, E, F)
EDS scans for Aluminum, Oxygen, Selenium,
Tellurium, and Cadmium, respectively.

Next, we describe solar cell device characteristigure 7
shows the best performing device fabricated durihs
experiment compared to a typical CSU 18% Gdge/CdTe
device with a Tellurium back contact and Carbookidi paint
back electrode. From this, it is clear that voltage current
extraction through the passivating oxide and suliseglayers
remains problematic.

Although further optimization is required to maxiwithe
performance of the ADs/a-Si/ITOstructurethere is clear
evidence that the addition of a highly doped aa8eét is
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Fig. 7.  J-V graph comparing the performance of a
device with AbOs, a-Si, and ITO to a typical 18%
CdSeTe1-¥/CdTe device.

upward band bending. Figure 8 shows a comparisan of
CdSeTe1/CdTe device with AOs and C/Ni at the back to a
device with AbOs, a-Si:H, and ITO before the C/Ni paint.
Al>QO3, being highly insulative, creates a large barnger
current extraction. But the addition of the a-Sihtl ITO
allows for easier hole extraction by reducing therier and
removing the “kink” in the J-V curve.
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Fig. 8. J-V graph comparing the performance of a
device with AbOz, a-Si:H, ITO and C/Ni at the back
against a device with only &Ds and C/Ni

IV. DISCUSSION

The significant increases in photoluminescenteasp and
carrier lifetimes that occur with the addition dbimina and
amorphous silicon leave little doubt that the backface is
being passivated. The specific mechanism at warkielver, is
still being debated. The two most prominent theodee that
the rear interface is being passivated by a fiaghtive charge
in the alumina, or by the formation of a thin laysr TeQ
between the CdTe and k. A fixed negative charge in the
Al,O3 is the commonly cited explanation for surface
passivation in silicon photovoltaic technologied][land has
been suggested as a possible mechanism in CdTeotegh
by Kuciauskaset al [12]. Alternatively, Perkinset al have
suggested that thin TeQayers form between the CdTe and
Al>,O3 during the CdCl treatment [13]. This TeDmay be
providing chemical passivation by removing defeetsd
preventing an abrupt CdTe/A); interface.

Although the exact mechanism is still being studitte
massive increase in PL signal provides compellindence for
interface passivation. Maximizing the photolumirerste of
devices is a powerful strategy because of the igesit
correlation between PL response and the impligd that the
device can produce. Ross and Miller al describe the
relationship between the radiative efficiency alne potential
voltage of a photovoltaic device [14]-[15] It isportant to note
that in the study covered in this manuscript, titegrated PL
is used as a reasonable proxy for external radiatfficiency.
As the PL increases, the implied voltage increabks.implied
voltage indicates the open circuit voltage thaidde achieved
if there were perfectly selective contacts and ossés in the



electrodes. The measureddbeing lower than the impliedoé
is a clear indication of non-selective contacts.

The PL response of the devices in these studiencatly
grew as alumina and then amorphous silicon wereatiathe
back. It is therefore reasonable to assume thaketloevices
might also produce a greater voltage at open ¢ircilie
current-voltage plots presented here make it appanat that
is not yet the case. It is important to note thatRPL correlates

positively with theimplied voltage, which may not necessarily

manifest as a measured voltage if there are ledsewhere in
the system. The device structures presented irsthiyy need
further optimization to extract the increased ptiévoltage.

reduces the back barrier and improves carrier citle. The
significant increase in photoluminescence corredpavith an
increase in the implied 3¢ and should correspond with an
increase in measuredoy¥ (assuming selective contacts). This
increase in the measure@ddwas not observed in the samples
in this study. and further optimization of the peatng oxide
and subsequent layers is expected to improve thegeo
beyond the typical values of 820-860 mV currentlyasured.
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