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Abstract

High quality epitaxial crystalline Cu(In,Ga)Se2 (CIGS) films were grown on n-type (100) -
Germanium (Ge) substrates using Pulsed Electron Deposition (PED) technique at a
remarkably low substrate temperature of 300 °C, thanks to the high-energy of adatoms
arriving to the substrate. The crystalline quality was confirmed by X-Ray Diffraction

techniques and from Transmission Electron Microscopy and the only defects found were



twin boundaries along the (112) direction in these CIGS films; surprisingly neither misfit
dislocations nor Kinkerdall voids were observed. A 100 meV optical band located below
the band edge was observed by Photoluminescence technique. Current-Voltage and
Capacitance-Voltage measurements confirm an intrinsic p-type conductivity of CIGS films,
with a free carrier concentration of =3.5x10'% cm3. These characteristics of crystalline
CIGS films are crucial for a variety of potential applications, such as more efficient
absorber layers in single-junction and as an integral component of multi-junction thin-film

solar cells.

1. INTRODUCTION

Thin film solar cells based on polycrystalline Cu(In,Ga)Se2 (CIGS) are considered to
be among the most promising photovoltaic devices due to their high energy harvesting
efficiency, long term stability and industrial scalability. Recent developments include record
lab-scale cells with conversion efficiency above 20% on both rigid * and flexible substrates
2.

Even though the performance of CIGS devices is approaching the crystalline Silicon
solar cell efficiency, the best lab results are still quite far from the Shockley-Queisser
theoretical limit of 33% 3. Despite extensive work carried out on the loss mechanisms in
CIGS solar cells to achieve the theoretically predicted limit, this topic is still under intense
debate. The most relevant losses are related to the following effects 4°: i) Shockley-Read-
Hall recombination in the space charge region and at the grain boundaries, ii) bandgap
fluctuations induced by lateral stoichiometry non-uniformity, iii) low electron mobility due to
impurity scattering and band bending at charged grain boundaries and iv) fluctuations of
the electrostatic potential caused by extended defects such as dislocations and grain

boundaries.



Although the beneficial role of grain boundaries as hole barriers in polycrystalline
films is widely accepted, their presence induces strong fluctuations on the electrostatic
potential, leading to an increase of the diode saturation current and to the consequent net
reduction of the open circuit voltage 4°. From these considerations, the enhancement of
the crystal quality is a crucial requirement for reducing efficiency losses in CIGS solar
cells.

Aiming to investigate the role of the CIGS crystal structure and grain size on the solar
cell performance, in previous studies we have developed a three-dimensional model for
ZnO/CdS/CIGS/Mo solar cells to be included in Sentaurus Technology Computer Aided
Design (TCAD) semiconductor device simulation tool 8; the simulations strongly indicated
that the cell efficiency would benefit from larger grain size over a wide range of values of
the photogenerated carrier’'s surface recombination rate, both at the CdS/CIGS
heterojunction (Sn), and at the grain boundaries (Vr), as summarized in Figure 1.

The results suggest that significantly improved solar cell absorbers can be expected
from single crystal CIGS films, obtainable only by epitaxial growth on substrates with
reduced lattice mismatch. GaAs has been exploited as epitaxial substrate in previous
works 7°: from these studies, it turned out that substrate temperatures above 550°C were
found necessary for the epitaxial growth of CIGS by Molecular Beam Epitaxy (MBE) and
Metal Organic Chemical Vapour Deposition (MOCVD) techniques °.

In this paper we report on the epitaxial deposition of CIGS films on Germanium
wafers at low substrate temperature (300°C) by the Pulsed Electron Deposition (PED)
technique. Germanium was chosen as epitaxial substrate alternative to GaAs, because of:
) its lattice parameter (a = 5.652 A) that yields a lattice mismatch <1%, ii) its similar
thermal expansion coefficient (5.8x10¢ K1), and, contrary to GaAs, iii) its capability to act
as low-bandgap absorber in a hypothetical CIGS/Ge-based tandem solar device. PED

technique was proven to be a viable route for depositing high-quality CIGS: we have



recently reported 15%-efficient CIGS-based solar cells fabricated by PED on Mo-coated
glass substrates at 270°C 1. We emphasize that the above mentioned TCAD simulations
are in good agreement with the experimentally measured photovoltaic parameters, the
efficiency value expected being =15% (average grain size =1um and S» and V: =10° cm/s).
The remarkably low deposition temperature is a characteristic of the PED technique,
where a high-energy evaporation plume (from few to thousands of eV), enhances the
surface mobility of the adatoms arriving at the substrate regardless of the substrate
temperature 2. We conclude that the deposition of high-quality epitaxial CIGS films by
PED can be therefore carried out at a notably lower substrate temperature compared to

MBE and MOCVD.

2. EXPERIMENTAL

CIGS films have been grown using a commercial PED system (Neocera Inc.); the
operation principles of the PED process and the CIGS growth conditions are reported
elsewhere 13,

As a substrate, n-type Ge wafer (100) (n=1x10%"cm=3, 15x15 mm? wide) with a 6°
miscut towards [110] has been used, treated in diluted hydrofluoric acid for removing the
surface oxides. The substrates were placed 8 cm away from the target, under a graphite
susceptor heated by halogen lamps and its temperature was kept at 300 °C and monitored
by a thermocouple. Analogously to the solar cells deposited on Mo-coated glass by PED,
the thickness of CIGS films was =1.6 ym.

The structural properties of the samples were characterized by X-ray diffraction
(XRD), with a Siemens D500 system equipped with a Cu Ka X-ray source (A = 1.5406 A)
in the Bragg-Brentano geometry. Transmission Electron Microscopy (TEM) was carried out
on sample cross-sections using a JEOL-2200FS microscope working at 200keV for

evaluating the film thickness and the epitaxial quality of CIGS near the interface with Ge.



TEM specimens were prepared by mechanical grinding followed by Ar ion milling. The film
composition was conducted in spot mode by means of an Energy Dispersive X-Ray
Spectroscopy (EDS) detector mounted on the TEM system. CIGS films were optically
characterized by Photoluminescence (PL) technique performed at 10K, using a 100 mW,
532 nm Solid State laser. The emitted light was detected in the 0.8+2.0 eV range by a
Fast-Fourier Transform spectrometer and a cooled Ge detector.

The current-voltage (I-V) characteristics of the CIGS/Ge diodes were measured by a
Keithley 236 source-measure unit. The net carrier density in the CIGS layer was estimated
from the capacitance-voltage (C-V) characterization of the CIGS/Ge heterojunction at
300K by using an AC test signal with 25 mV amplitude at a frequency of 1 MHz. For the
CIGS/Ge heterojunction measurements, ohmic contacts were thermally evaporated both
on CIGS (860 pym-diameter Au dots) and on n-type Ge (AuCr stripes). Our standard solar
cells with polycrystalline Na-free CIGS absorber in the structure: ZnO:Al/CdS/CIGS/Mo,
were used to compare the free carrier concentration in polycrystalline and epitaxial CIGS

layers.

3. RESULTS AND DISCUSSION

3.1 Crystal structure and chemical composition

The XRD patterns of CIGS films grown on Ge at 300°C in comparison with a typical
polycrystalline CIGS deposited on Mo/Glass under the same conditions are shown in
Figure 2. While the polycrystalline CIGS/Mo/Glass pattern exhibits the expected preferred
grain orientation along the (112) direction 13, only the (008)-CIGS and the (400)-Ge
reflections are observed in the case of CIGS/Ge, thus confirming epitaxial growth of CIGS
on (100)-Ge. By analyzing the position of the (008)-CIGS peak, a lattice parameter c =

11.383 A of the CIGS tetragonal phase can be calculated. The achievement of the



epitaxial growth of CIGS on Ge at such low temperature is a noteworthy result when
compared with previous studies where substrate temperatures larger than 550°C were
found necessary for epitaxially growing CIS and CIGS films by traditional deposition
techniques as MBE and Sputtering415,

High Resolution Transmission Electron Microscopy (HRTEM) analysis confirms the
epitaxial growth at the CIGS/Ge interfaces (Figure 3). The corresponding Fast Fourier
Transform (FFT) image shown in the inset reveals the presence of a perfect epitaxial
relationship CIGS(001)//Ge(001), with a lattice mismatch within the instrument sensitivity
(~1%). Neither dislocations nor Kinkerdall voids, commonly noticed in CIGS/GaAs systems
81016 are observed.

The High-Angle Annular Dark-Field (HAADF) cross-sectional image of the sample
reported in Figure 4 confirms that the single crystal structure is preserved over the whole
CIGS thickness. Twin boundaries along the (112) direction start to appear at ~300 nm
from the CIGS/Ge interface: these defects have been noticed also in Cu(In,Ga)S2/Si
heterostructures, and their origin seems to be related to the relaxation of lattice strain
accumulated during the growth process *’.

EDS measurements reveal a strong Ga and Cu gradients along the CIGS thickness,
with Ga/(In+Ga) (GGI) and Cu/(In+Ga) (CGlI) ratios starting from 0.54 and 1.13 at the
interface, respectively, and decreasing to 0.30 and 0.85 near the CIGS surface (Figure 5).
This Ga enrichment at the interface has been already observed by other authors at the
epi-CIGS/GaAs interface and it was explained in terms of Ga out-diffusion from GaAs #2.
Ga contamination from the substrate is clearly ruled out in our case. Since in
CIGS/Mo/Glass samples, neither GGI (=0.30) nor CGI (=0.85) undergo a variation along
the whole CIGS thickness, it can be inferred that in CIGS/Ge system the chemical
composition of the layer is self-adapted in order to minimize the lattice mismatch with the

substrate. Indeed, for GGl = 0.54, the corresponding calculated lattice mismatch with Ge



becomes <0.5% 8. This effect could explain why misfit dislocations were not detected at

the heterostructure interface.

3.2 Optical properties

Photoluminescence spectra of CIGS/Ge taken at 10K exhibit a dominant narrow
symmetric peak centered around 100 meV below the band edge = 1.17 eV (Figure 6),
calculated on the basis of the GGl ratio value at the surface = 0.30 8 The average FWHM
value of the peak is =55 meV. This emission is usually ascribed to a donor-acceptor pair
(DAP) emission related to Vcu and Vse levels 1°. This PL spectrum is very similar to that
measured on CulnSe: epitaxial films grown at 660°C on (100)-GaAs wafers 2°,

On the other hand the PL spectrum of CIGS/Ge appears slightly different from that of
polycrystalline CIGS/Mo/Glass grown at the same substrate temperature, where two
distinct emission peaks are visible. While the peak at higher energy can be associated with
the same DAP Vse— Vcu transition of CIGS/Ge, the latter is usually attributed to the Incu—
Vcu transition 19 The absence of a radiative recombination due to the Incu antisite in
CIGS/Ge confirms a lower density of cation substitutional defects in epitaxial CIGS with
respect to polycrystalline layers. Other relevant differences between epitaxial and
polycrystalline CIGS concern: i) the intensity of the PL emission, stronger by a factor of 7
in CIGS/Ge, and ii) the spatial uniformity of the spectra: while in polycrystalline CIGS the
relative weight of the two peaks changes considerably along the sample area, the shape
of the PL spectrum of the CIGS/Ge is unchanged over different regions of the sample. This
latter confirms a higher compositional and structural uniformity of the epitaxial CIGS

material in comparison with the polycrystalline one.

3.3 Electrical properties



Figure 7 shows the current-voltage characteristics of the CIGS/Ge heterostructure at
300K. The good rectifying properties of the device confirm the intrinsic p-type conduction
in CIGS layer, forming a good heterojunction with the n-type Ge substrate. The sample
shows a high spatial uniformity, since similar I-V characteristics have been obtained over
different regions. The calculated diode ideality factor is ~1.98.

The space charge density profiles calculated from C-V curves at 300K of epi-
CIGS/Ge diodes and ZnO:Al/CdS/poly-CIGS/Mo solar cells are compared in Figure 8.
Following a commonly accepted approach to interpret C-V spectra in CIGS-based devices
21,22 the minimum in space charge density profile has been taken as a value of free hole
concentration, resulting in p= 3.5x10'% cm in the case of epitaxial CIGS, about two orders
of magnitude larger than in polycrystalline CIGS solar cell (p= 3.9x10%* cm). This large
difference can be accounted for by different degrees of electrical compensation in the two
systems. While compensation is a well-known feature of Na-free polycrystalline CIGS 23,
where a high density of both donor and acceptor defects are simultaneously present, this
effect seems to be less prominent in single-crystal CIGS. Since Incu antisites are known to
be the main compensating donors in CIGS, it can be concluded that the density of such
substitutional defects in epitaxial CIGS is lower than in poly-CIGS. This hypothesis is in
agreement with the observed annihilation of the emission peak related to Incu = Vcuin the

PL spectra of CIGS/Ge samples.

4. CONCLUSIONS

1.6um-thick single-crystal CIGS films have been successfully grown on Ge by PED
technique. The unusual high-energy process provided by the PED technique, enables the
CIGS epitaxial growth at much lower temperatures (300°C) with respect to traditional MBE

or MOCVD techniques (>550°C). No linear defects, as misfit dislocation, were detected at



the CIGS/Ge interface; twin boundaries along the (112) direction are the only crystalline
defects revealed in the epilayer. The chemical composition of CIGS/Ge films is not uniform
along the film thickness, in contrast with the observed constant trend in polycrystalline
CIGS films grown on Mo-coated glass under the same conditions. This gradient, likely to
occur in the epitaxial flms to minimize the lattice mismatch with Ge substrate, is
comparable to the intentional distribution obtained in high-efficiency poly-crystalline CIGS
solar cells 2.

The improved crystal quality enhances the optical and electrical properties in the
CIGS/Ge films with respect to the CIGS/Mo/Glass reference sample. A possible reduction
of the number of substitutional Incu defects in single crystal CIGS could be the main
reason for both the quenching of the low-energy peak in PL spectrum and the reduction of
the electrical compensation of epitaxial CIGS as compared to the polycrystalline layers. As
suggested by the simulations, these features of single-crystal CIGS promise better
performances as absorber layers in single and multi-junction thin-film solar cells. Contrary
to CIGS/GaAs, CIGS/Ge epitaxial system could be also used for fabricating a new-
generation of multi-junction solar cells, based on the combination of a bottom Ge
homojunction and top epi-CIGS/CdS heterojunction; the fabrication of epi-CIGS/CdS solar
cells on p*-type Ge wafer is in progress.

Finally, we have demonstrated that PED technique is an accessible and—eest-
effective deposition route not only to deposit efficient polycrystalline CIGS-based solar
cells, but also to grow materials with superior crystal quality. Besides opening up
interesting opportunities in the study of the controversial correlation between
structural/compositional defects and performance of thin film photovoltaic devices, the
inherent scalability of the PED process portends a possible route to the manufacture of

large scale, high quality crystalline CIGS based PV films in the near future.
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LIST OF FIGURES

Figure 1 - Conversion efficiency versus grain size for different surface recombination rates
at the CdS/CIGS heterojunction (Sn). The efficiency trends are simulated for two different
recombination velocities at the grain boundaries, Vi=10°cm/s (top) and V:=107cm/s
(bottom).

Figure 2 — XRD patterns of an epitaxial CIGS/Ge heterostructure (blue line) and a typical

polycrystalline CIGS/Mo/Glass (red line) grown at the same temperature = 300°C. The
inset shows a close-up of the CIGS/Ge diffraction pattern.

Figure 3 - HRTEM image of the CIGS/Ge interface. The insets show the corresponding
FFT patterns.

Figure 4 - HAADF cross-sectional image of the CIGS/Ge structure. The inset shows a

HRTEM image of the twin boundaries along the (112) direction.



Figure 5 - Distribution of GGI and CGlI ratios along the CIGS thickness in both epitaxial
and polycrystalline films. The dashed lines indicate the values of the two ratios in the
starting CIGS target.

Figure 6 - Representative PL spectra of CIGS/Ge (up) and CIGS/Mo/glass (down)
samples, grown at the same substrate temperature =300°C. The spectra were taken at
10K.

Figure 7 — Forward (triangles) and reverse (circles) bias current-voltage characteristics of
the CIGS/Ge heterostructures.

Figure 8 — Space charge density profiles in both epitaxial (blue dots) and polycrystalline

(red diamonds) CIGS layers calculated from CV measurements at 300K.



Figure 1
Click here to download high resolution image

25 ———— —_—
Vr=105cm/s

20

-
O

—3n = 10° cm/s
—Sn=10"cm/s

—3Sn=10° cm/s

P 2 s

RN
o

O,

V = 10" em/s

N
o

RN
&)

Conversion Efficiency [%]
N
(&)

RN
o

_ =—Sn = 10° cm/s
5 —Sn = 10" cm/s
—Sn=10° cm/s

0.3 i I 10
Grain size [um]


http://ees.elsevier.com/solmat/download.aspx?id=372057&guid=f89fc125-13be-433a-8924-76dd6ba88eb7&scheme=1

Figure 2
Click here to download high resolution image

':"'l"(f;z)""'!"' T Y 'Ge'
ﬂ (400)

c' — —~

D (0%

g |

< e

bd =62 64 - ?c?eg] 68 70 &

g CIGS

» |CIGS (008)

S 1112)

9 —CIGS/Ge

ST ——CIGS/Mo/Glass 1

(rﬁb CIGS

312)/(116
erzyrre,_ |
50 60 70

20 [ded]


http://ees.elsevier.com/solmat/download.aspx?id=372058&guid=c9cf4df7-c5e5-4d8d-a3c9-7b118f4e82f6&scheme=1

Figure 3
Click here to download high resolution image

-
.
»
"l."\

.c'oY- Satat .

"M

o

L0 ricr)

2



http://ees.elsevier.com/solmat/download.aspx?id=372059&guid=41321c2b-8545-4cb4-9f3a-6f2bfcae3ca2&scheme=1

Figure 4
Click here to download high resolution image

1630 nm



http://ees.elsevier.com/solmat/download.aspx?id=372060&guid=43985876-dfb6-4f43-b2c6-865b4ed82551&scheme=1

Figure 5
Click here to download high resolution image

| B L — ]
1 M@\ ]
S08 [ -
d -GGl epi-CIGS
6 — = CGl epi-CIGS
s — == GGl poly-CIGS J
©0.6 — = CGl poly-CIGS
04 \: &
|§GI-Target !
02 ) A N PRI (Y
0 400 800 1200

1600

Distance from the interface [nm]


http://ees.elsevier.com/solmat/download.aspx?id=372061&guid=5a658b4d-7e2a-4799-aa45-1f1275f63545&scheme=1

Figure 6
Click here to download high resolution image

s CIGS/Ge :
— = CIGS/Mo/Glass

—

c

: - -
o

-

< 1]
> /\

=

N

c

o F y
red

k=

ol & X 7
- = r—— = |

04 03 -02 -01 00 0.1
Photon Energy Below Band Edge [eV]


http://ees.elsevier.com/solmat/download.aspx?id=372062&guid=3da376ed-0e0f-4477-94d8-aa412c9b2674&scheme=1

Figure 7
Click here to download high resolution image

107,

107 A
S0% | / i

c

() 5 | >

SPTl

107 |
10-8 : R W (NN SO ST SO [N SN SN T N SO SUNEI U NN S SH
0 02 04 06 08 1
Voltage [V]



http://ees.elsevier.com/solmat/download.aspx?id=372063&guid=07e0c9d5-a9b7-4c2d-8e9b-b0c4abd345d2&scheme=1

Figure 8
Click here to download high resolution image

—
o
JUN §
(®)
I

Space Charge Density [cm ]
S

: p=3.5x10"°cm™

p=3.9x10"cm”

epi-CIGS |

|

+ poly-CIGS |

—

o—k
O-b
3

Width [um]

1.9


http://ees.elsevier.com/solmat/download.aspx?id=372064&guid=3e476e56-cdf7-4a08-afef-3968a0625f0d&scheme=1

