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Abstract — CdTe photovoltaic devices with efficiency over
22% have been demonstrated. Sublimated CdTe photovoltaics
with efficiency over 19% have been reported using graded
alloying of Se in CdTe absorber films. Grading of alloy films has
been identified as an important characteristic to achieve higher
device performance using more complex device structures. An
advanced co-sublimation source has been designed and developed
to deposit highly controlled CdTe based ternary alloys. An
advanced shutter mechanism enables changing the composition
of the deposited films during sublimation. The hardware used for
advanced co-sublimation and initial materials characterization is
presented in this study.

Index Terms-Cadmium compounds, photovoltaic cells,

alloying, II-VI semiconductor materials, solar enegy

|. INTRODUCTION

Thin-film CdTe photovoltaics is an important teclogy
for utility scale electricity generation. It hasemerecognized
as one of the most realistic technologies for lasgale,
affordable and sustainable energy solution [1].eResh scale
single junction devices with efficiency up to 22 [Pohave
been demonstrated while commercial modules witicieficy
up to18.6% have been fabricated [3]. A very coitipet
module cost of ¢40/watt was realized in 2013 fogdascale
manufacturing by First Solar Inc. [4]. Current I@veost of
electricity using CdTe photovoltaics has been regubto be
¢3.8/kWh [5]. Further improvements in efficiency tmout
substantial increase in manufacturing cost wouldd lego
further reduction in the cost of electricity.

One of the methods to achieve higher
photovoltaic devices is to create a multijunctianaotandem
device. In such a device structure, more than @teotp-n
junctions are stacked together. In such a structeexh
junction is optimized to operate in a different whangth of
light, thus increasing the overall output. Usingstboncept, 5
junction cell with efficiency over 38% has been destrated
by National Renewable Energy Laboratory (NREL) [2].

Sublimated CdTe devices with graded band-gap [&fha
shown higher device performance than comparables€ily
single band-gap devices [7]. For fabrication of €d&sed
affordable and scalable photovoltaic devices wéhdem or
multijunction structure CdMgTe or CdZnTe alloys foigh
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multijunction device structure with a band-gap >XkY.

However, fast rate sublimation of CdMgTe or CdZnie

difficult due to preferential sublimation of Mg arich. To

overcome this limitation, a co-sublimation hardwhaes been

developed at Colorado State University [8]. Whilkist

hardware effectively co-sublimated CdMgTe and CdZnT

ternary alloys, there was a further necessity ifledt to
precisely control the deposition ratio of CdTe avd/Zn
deposition. This control can be achieved by alterthe
temperature of the Mg/Zn sublimation source. Howgtee
change in deposition rates is very slow with sucpr@cess
and control is very limited.

To further advance the co-sublimation

advanced co-sublimation hardware was developeds Th

hardware was designed to have a highly controlleatter
mechanism to alter the deposition rate of Mg/Zn dnty
adjusting the shutter position while holding thenperature
constant. Such control of deposition rate provitiesl subtle
control of sublimation required for fabrication gfaded thin-
films. Controlled grading of thin-films is criticdbr efficient
fabrication of the photovoltaic devices with sulalband
alignment for respective applications.

Fig. 3.

Images showing the shutter mechanism in hbdom
Mg/Zn source (top) and the assembly of top andobotublimation
source (bottom). Active cooling elements and cecastiields for
better temperature control can be observed in inwdlges

capabilities,

Il. EXPERIMENTAL

A computer aided design (CAD) model of the advanued
sublimation source is shown in figure 2 and mogpdntant
components of the assembly are labeled. The asgembl
consists of a bottom (secondary) source that isgded to
hold the co-sublimation metal i.e. Mg or Zn. Thisice has a
nichrome heating element. The top (primary) subiioma
source for CdTe deposition is aligned on top of kihg/Zn
source and is shielded using a ceramic sheet vettenmed
holes to enable transfer of material and limit¢baduction of
heat. The top sublimation source usually operatesa a
substantially higher temperature than the bottoorc This
often causes the bottom Mg/Zn source to operateigiter
Eemperature than the desired set point. To get terbe
temperature control of the Mg/Zn sublimation sourem
active cooling line is installed in the bottom smeiras can
been seen in figure 2. Images of the bottom sowce
assembly of both these sources can be seen ire fgjur

The hardware described here is controlled eleatedlyi
using a LabView program. The shutter mechanism is
controlled using a high precision stepper motorhwa
resolution of ~1 pm. The LabView program allowsdyrally
opening or closing the shutter to enable changihg t
proportion of CdTe to Mg/Zn. Completely shutting thig/Zn
source shutter causes only CdTe film to depositlibd been
verified using band-gap measurements and energerive
X-ray spectroscopy (EDS) measurements. Using tharaskd
co-sublimation hardware and associated LabView alisu
interface, graded films were deposited with varying
proportions of Mg/Zn from front to the back of tfiken.

Ill. RESULTS

The capability of the advanced co-sublimation hanew
was used to fabricate graded CdZnTe absorber. T T
absorber is a suitable material for top cell inn® tor three
junction solar cell [9]. The band-gap of CdZnTe tenvaried
by controlling the zinc incorporation in CdTe [1(]1].

The TeclO glass substrate was heated to ~500°C and
transferred over to the advanced co-sublimatiomcgolAt the
start of the deposition, the bottom source shuttas in a
closed position. A graded CdZnTe absorber was oddaby
opening the shutter by 10% increments per 20 sexohide
total deposition time was 220 seconds. In the ackhrco-
sublimation source, the top source containing Cdmé the
bottom source with zinc were maintained at 555°@ 280°C
respectively.

A schematic of fabricated CdZnTe absorber with gdad
zinc is shown in the figure. 4.

To investigate the composition of the depositednfil
Glancing Angle X-ray Diffraction (GAXRD) was cardeout
using a Bruker D8 systeri £ 1.5406 A). The glancing angle
was set to 3° and the detector was swept fronto289° with
an increment of 0.02%er second. The diffractioritepa



obtained from the graded CdZnTe absorber is showigure

4.

cross-section TEM/EDS maps and line profile. GrgdifiMg
in these films can be distinctly observed. Figuee shows

The position of the diffracted peaks from the grhde EDS map of CdMgTe graded film while figure 7b is BDS

absorber was between the CdTe and ZnTe peaks (KD
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CdznTe absorber. The preferred orientation of tepogited
absorber was along the {111} plane. Based on tist fieak
(shown in figure 5), the estimated composition loé zinc

varied from 5% to 60% by atomic percentage in theoeber.

Similar fabrication of CdMgTe film with varying Mg
proportion during deposition using precision shutiesition

was also performed. These films were characterizgidg
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Fig. 7. (top) TEM/EDS cross-section elemental magg showing
effective grading in CdMgTe layer (bottom) TEM/EDX8oss-section
line scan showing Mg grading and corresponding gbam Cd
composition.

lower composition of Mg towards the front of thevibe near
the MgZnO interface layer. As the film grows thickihe Mg
content is observed to increase. A correspondiag@h in Cd
intensity can also be observed.

IV. DISCUSSION

Open-circuit voltage and short-circuit current of a
photovoltaic device are associated with the bami-gfathe
semi-conductor material used. Lower band-gap is
advantageous for current generation while higherdbgap
leads to greater voltage. The band-gap of terniéoysacan be
altered by changing the composition and an optinhest
suited for the respective application may be w@dizTernary
alloys can be graded by altering the compositiontlod
alloying element. Such grading can lead to highmmecircuit
voltage as well as short-circuit current than doyalvith a
single band-gap. Such advantage has been demenstrat
grading of a CdTe device with Se [12]. Ternarywdlguch as
CdMgTe and CdZnTe cannot be easily deposited from a
single feedstock. For this purpose a co-sublimagimurce was
designed and developed. Using this source, thangralloy
composition could be varied by changing the tentpegaof
the secondary deposition source. However, comipliihe
band-gap of the material with temperature wouldsloev and



therefore could not be used for fabrication of phottaic
devices with graded ternary alloys. With furthepmavements
and enhancements more dynamic in-situ control cbedter
band-gap was achieved. Using this advanced corsatitin
hardware graded absorber films of CdZnTe and CdMuhe
been fabricated. Various characterization restitssthat the
films had a graded composition which can furtherubed to
fabricate photovoltaic devices.

V. CONCLUSIONS

Advanced co-sublimation source for the controlledding
of CdTe based ternary alloys has been described. sthdy
has shown that changing the flux of ternary elemesihg a
shutter mechanism while maintaining a constant our
temperature, grading of band-gap can be achievted. dlso
shown that controlled shutter movement during ditjpos
CdTe based semiconductor alloy absorber can betietity
graded. Such graded absorber device can be usethke
photovoltaic devices that have a performance adgenbver
an absorber fabricated using alloy with only one&dsgap.
These higher band-gap photovoltaic devices candael in
multijunction photovoltaic device application andnchave a
fast throughput. Further investigation into defect interface
passivation as well as optimized contact formaisorequired
to make efficient photovoltaic devices using thegaded
absorbers.
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