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Thin-film photovoltaic modules hold great promise to produce sustainable, low-cost, and clean electricity
from sunlight, because thin-film solar cells can potentially be fabricated by economical, high-volume
manufacturing techniques. However, to achieve high sunlight-to-electricity conversion efficiency, thin-
film solar cells require sophisticated control on interface formation and materials qualities. Transmission
electron microscopy (TEM) provides unique methods to access this information at the nanometer scale. In
this paper, we provide a brief review on TEM studies of the interfaces, microstructure, and lattice defects
in chalcogenide thin-film photovoltaic materials. We analyze the potential effects of the observed inter-
face formation and materials quality that could affect the performance of solar cells.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Chalcogenide thin-film photovoltaic (PV) materials, such as
CdTe, Cu(In,Ga)Se; (CIGS), CupZnSnSe, (CZTSe), Cu,ZnSnS, (CZTS),
and Cu,ZnSn(S,Se), (CZTSSe), have attracted great attention for
several decades [1-12] because of their potential for producing
low-cost, high-efficiency, large-area thin-film solar cells. To date,
the record solar-to-electricity conversion efficiencies for CdTe,
CIGS, and CZTSSe-based solar cells have reached 16.7%, 20.3%,
and 9.6%, respectively [6,10,12]. Chalcogenide thin-film solar cells
typically consist of a front contact, pn junction, absorber layer, and
back contact. To obtain high-efficiency solar cells, the contacts, pn
junction, and absorber layer must be carefully engineered. Detailed
information and understanding of extended defects, microstruc-
ture, chemistry, and interfaces of the solar cell materials are critical
for device fabrication and engineering. The thickness of the layers
in thin-film solar cells is in the range of micrometers, and trans-
mission electron microscopy (TEM) has been an important and un-
ique method to obtain information down to the nanometer scale
that many other methods cannot achieve. In the past decades,
TEM has been applied to investigate the microstructures and
chemistry [1,13-20], interfaces [21-29], and structural defects
such as stacking faults and grain boundaries [30-39], and phase
separation [40], in thin-film chalcolgenide PV materials. The re-
sults have greatly helped in understanding the performance of
thin-film solar cells. In this paper, we provide a brief review on
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TEM studies of chalcogenide thin-film materials including CdTe,
Cu(In,Ga)Se,, and Cu,ZnSn(S,Se),. While high quality TEM images
have been reported by many institutes and can be found in the ref-
erences, the TEM images shown in this paper are all obtained from
the materials synthesized at the National Renewable Energy Labo-
ratory (NREL), which are intended to serve as examples.

2. TEM sample preparation

TEM sample preparation is crucial for TEM and scanning TEM
(STEM) studies. Samples with large area and thickness less than
100 nm are usually preferred. There are three typical methods for
TEM sample preparation: standard mechanical polishing, followed
by Ar* ion milling; small angle cleavage technique (SACT) [41]; and
focused ion beam (FIB) [42]. Each method has its advantages and
disadvantages. The standard ion milling method can provide TEM
samples with large thin regions. However, chalcogenide materials
are usually sensitive to ion beam damage. The high-energy Ar*
ion beam can sometimes introduce serious damage, such as the
formation of additional lattice defects, the change of composition,
and even phase transformation [43]. There are a few approaches
have been commonly used to minimize Ar* ion beam induced dam-
ages. For example, the sample is thinned to very thin (below 2 pm)
using a dimpler to reduce ion milling time. Low voltage ion milling
is applied for final surface cleaning up. Samples are cooled to low
temperature, usually liquid N, temperature, during ion milling.
These approaches can reduce effectively ion beam induced surface
damage. SACT is a relatively simple and inexpensive method for
preparing cross sectional TEM samples by cleaving the thin film
material. Therefore the TEM samples prepared by this method
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are free from surface damage and contamination. However, the
samples usually have relatively small electron transparent regions.
Furthermore, the SACT technique cannot be used to prepare plan-
view TEM samples. FIB method enables the preparation of large,
uniformly thick, site-specific TEM samples. However, like the stan-
dard Ar* beam milling, FIB can also introduce surface damage and
even causes Ga implantation. Therefore, careful final cleaning
using a low energy Ga beam or a low voltage Ar* ion beam to re-
move the surface damage layer is usually needed.

3. Microstructures

Because CdTe absorber layers are typically deposited by the
close-spaced sublimation (CSS) method, the deposited CdTe layer
is always very close to stoichiometric. Therefore, there are very
few studies on the stoichiometry of CdTe thin films. On the other
hand, the phase diagram is very rich for Cu-In-Se-based com-
pounds. For example, depending on the growth conditions, the
deposited materials could be the o phase (chalcopyrite structure)
CulnSe, (CIS), which is also called the 112 phase. The deposited
materials could also be the B phase—ordered defect (Cu vacancy,
Vcu) chalcopyrite (ODC) structure—which has the composition of
CulnsSes, or the y phase (zinc-blende structure). The different
phases have very different electronic properties. For example, the
o phase is typically a p-type semiconductor, but the  phase is usu-
ally an n-type semiconductor. Knowing the microstructure of the
deposited phase is critical for understanding the behavior of the
fabricated CIGS thin-film solar cells. Therefore, most TEM studies
of the microstructure have focused on CIS and its related materials.
Notably, the University of Illinois has conducted the most system-
atic study on the ordering of point defects in epitaxially grown
CulnSe, and CulnsSes [1,14,15].

For high-efficiency CIGS solar cells, the CIGS layer should have
the o phase. However, in some depositions, a small amount of B
phase could co-exist. Because the o and B phases have similar
structure and lattice constants, the co-existence of o and B phases
cannot be identified easily by X-ray diffraction (XRD). Fortunately,
the B phase has the ODC structure. The existence of a small amount
of a B phase can be differentiated by convergent-beam electron dif-
fraction (CBED), because the ordered structure should give extra
diffraction spots in CBED patterns. For example, Fig. 1a shows a
CBED pattern along the [110] zone axis taken from the o phase.
To avoid overlap between diffraction discs, the smallest condenser
lens aperture was used. As indicated by arrows, no extra diffraction
spots are seen. Fig. 1b shows a CBED pattern along the [110] zone
axis taken from an intentionally made very Cu-poor CIGS sample
(Cu:(In,Ga):Se, 1:3:5). The bright spots are identical to those in
Fig. 1a, indicating that the main structure is the chalcopyrite struc-
ture. However, additional weak spots, as indicated by arrows in
Fig. 1b, are observed. These extra spots indicate that the phase con-
tains ordered defects.

Fig. 1. Convergent-beam electron diffraction pattern taken from an (a) o chalco-
pyrite phase, and (b) chalcopyrite phase with ordered defects.

The advantage of CBED is that it can obtain structural informa-
tion on the nanometer scale. It was suggested that high-efficiency
CIGS solar cells have homojunctions—the surface layer of CIGS has
the ODC structure (B phase). We have determined the structure
from the surface and bulk regions in NREL’s high-efficiency CIGS
solar cells using CBED. No ODC structure was observed in either
the surface or bulk regions. However, the surface layer is slightly
more Cu-poor than the CIGS absorber, which may lead to different
defect physics in the surface region.

TEM is also a powerful tool to examine local chemical composi-
tions. For example, X-ray energy dispersive spectroscopy (EDS) has
been used to examine the compositional change across grain
boundaries in CIGS and CZTS thin films [39,40]. Here, strong chem-
ical fluctuations at the nanometer scale that result in relatively Cu-
poor and Cu-rich nanodomains from high-efficiency CIGS devices
observed by STEM EDS profile is shown as an example [19].
Fig. 2a shows a low-resolution STEM high-angle annular dark-field
image of a single CIGS grain. The image was formed by scanning a
1.4 A electron probe across a specimen and recording the transmit-
ted high-angle scattering with an annular detector. The intensity of
the image can be described approximately as a convolution be-
tween the electron probe and an object function. Thus, the sample
regions result in a bright contrast and the vacuum results in a dark
contrast. Although the TEM samples were prepared carefully by
cleaning the surface damage layer by ion milling using low voltage
and low angle Ar* ion beam, a very thin layer with slight ion-beam-
induced damage is expected to exist on both surfaces. Thus, we
conducted a quantitative nanoscale EDS chemical analysis at rela-
tively thick regions to minimize the effect on the composition from
the slightly damaged surface layers. We first obtained EDS data at
individual spots and, surprisingly, found that the compositions
fluctuate strongly around the average composition, Cu:Iln:Ga:Se
=23.5:19:7:50.5, determined by electron-probe microanalysis
(EPMA). The fluctuations were within +6%, which is significantly
larger than the system-detection error, i.e., normally smaller than
+2%. To verify whether these fluctuations were real, we carried
out area-averaged EDS analysis by scanning the fine electron probe
in selected areas, while acquiring EDS data. The averaged composi-
tion from the small square, which is about 50 nm x 50 nm, was
Cu:ln:Ga:Se = 24:14:8:54. The averaged composition from the
large square, which is about 100 nm x 100 nm, was Cu:In:Ga:Se
=23:18:8:51, which is very close to the EPMA result. This indicates
that the effect on the quantitative chemical compositions from the
slightly damaged surface regions is negligible. We then carried out
a series of individual EDS by a line profile along the black solid line
in Fig. 2a. The line profile contained 15 individual data points sep-
arated equally by about 5 nm. At each data point, the chemical
composition was quantified. In Fig. 2b, we plot the Cu/(In + Ga)
and Ga/(In + Ga) ratios. The two dotted horizontal lines indicate
the Cu/(In + Ga) and Ga/(In + Ga) ratios for the bulk composition.
It is seen that both ratios fluctuate strongly at the nanoscale. Be-
cause the nanodomains are formed due to chemical fluctuations,
they should be crystallographically coherent. Dislocations and
other lattice defects do not have to form at the interfaces between
the domains; rather, the interfaces will be smeared as a result of
gradual interdiffusion.

The Cu/(In + Ga) ratio fluctuation may be understood as rela-
tively Cu-poor and Cu-rich domains. If we assume that the Cu-poor
domains exhibit n-type conductivity (electron-rich p-like domains)
and the Cu-rich domains exhibit p-type conductivity (hole-rich o~
like domains) [44], then the entire CIGS films are composed of nano
p-n junction networks. Thus, the n-type networks can act as pref-
erential electron pathways and the p-type networks can act as
preferential hole pathways. The carriers generated by photons
can be separated effectively, and separated carriers can be col-
lected rapidly and efficiently into the electron and hole “freeways.”
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Fig. 2. (a) Z-contrast image taken from a thick region in a high-efficiency CIGS sample, and (b) profiles of Cu/(In + Ga) and Ga/(In + Ga) ratios.

[19,45] Because the domains are crystallographically coherent,
electron-hole recombination rates are minimized for carriers col-
lected across these intra-absorber junctions. As a result, the overall
recombination can be effectively reduced.

4. Interfaces

The device structure of CIGS solar cells is typically Glass/Mo/
CIGS/CdS/ZnO. Because the CdS layer is usually deposited at room
temperature, no interdiffusion between CIGS and CdS is expected.
Therefore, TEM studies on the CIGS/CdS interface are very limited,
except for a few reports [26-28,39]. In these studies, the thickness
uniformity and coverage of CdS layers were examined. However,
during the deposition of the CIGS layer at high temperature, an
interfacial layer, MoSe;,, is formed between Mo and CIGS. The for-
mation of the MoSe; layer, which is a good p-type conductor, is re-
garded as beneficial for cell performance because it helps to form a
good ohmic contact. Therefore, TEM studies of the MoSe;, layer
have been reported by many research groups [21-24]. The unique
feature of the MoSe, layer is the layered structure, shown in Fig. 3a.
EDS taken from the circled area, shown in Fig. 3b, confirms the for-
mation of the MoSe, layer. The Mo back contact layer is typically
grown on glass substrates by sputtering or evaporation methods
and often exhibits the columnar grain morphology. The MoSe,
layer is found to follow closely the surface of the Mo layer, leading
to excellent contact with the Mo back contact.

TEM studies of interfaces in CdTe solar cells are more focused on
the CdTe/CdS junction. This is because CdTe solar cells typically
have the superstrate cell structure, Glass/FTO/CdS/CdTe/back con-
tact. The CdTe layer is deposited on CdS at high temperature, usually

above 500 °C. It is known that at such temperatures, interdiffusion
would occur between CdTe and CdS. The interdiffusion leads to
the formation of CdS;_,Te, regions [29]. It is found that the presence
of oxygen in the CdS layers dramatically affects the interdiffusion
behavior.

The CdS can be grown by various methods, such as chemical-
bath deposition (CBD) and CSS. The CdTe/CdS solar cells with CdS
films grown by these methods can have different performance.
Normally, the CBD CdS films give better cell performance than
the CdS films grown by the other techniques. However, the CSS
growth method is more applicable to large-scale manufacturing.
CBD CdS has a high concentration of impurities, mainly O, whereas
CdS grown by other techniques has much less O, unless O is inten-
tionally introduced. It has been reported that the presence of O,
during the deposition of the CSS CdS improves open-circuit voltage
(Voc) by up to 50 mV. It is also reported that the thermal annealing
of CdS in air drastically increases efficiency. Thus, it is likely that
the high O concentration in CBD CdS films is responsible for the
better device performance.

To investigate the effects of oxygen on the interdiffusion at CdS/
CdTe junctions, we have grown CdTe and CdS layers on SnO,-
coated Si wafers. The CdS films with a thickness of about 150 nm
were grown by CBD and CSS with various O pressures. The thick-
ness of the SnO, layer was about 0.5 pm. The CdTe films were
grown by CSS without the presence of O. The CdTe source temper-
ature was 660 °C, and the substrate temperature was 620 °C. The
thickness of the CdTe films was about 8 um. Samples with only
CdS deposited were used as thickness references for understanding
the consumption and reaction of CdS at the junction. The micro-
structure of the CdS/CdTe junctions was examined by TEM.
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Fig. 3. (a) TEM image of Mo/CIGS interface. (b) EDS taken from the interface region (circle) showing the formation of MoSe,.
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Fig. 4. Cross-sectional TEM images of (a) as-deposited CdS layer, (b) CdS/CdTe
interface for CdS deposited without the presence of O, (c) CdS/CdTe interface for CdS
deposited with the presence of O, and (d) CdS/CdTe interface for CdS deposited
without the presence of oxygen, but annealed in oxygen for 10 min.

Fig. 4a shows a cross-sectional TEM image of a CdS layer depos-
ited without the presence of oxygen. The thickness of the CdS layer
is about 100 nm. Fig. 4b and c show cross-sectional TEM images of
CdS/CdTe junctions with CdS films deposited with zero and 2.5 torr
O pressures, respectively. As seen in Fig. 4a, the CdS layer should be
about 100 nm before the deposition of CdTe, but it is not seen
clearly in some regions (see Fig. 4b). This indicates that during
the deposition of CdTe (620 °C), strong interdiffusion occurred be-
tween CdS and CdTe in the sample with the CdS layer deposited
without the presence of O, and the CdS layer is consumed by the
interdiffusion. In some regions, the CdTe seems to contact directly
the SnO, layer (as indicated by the arrow), showing a complete
consumption of CdS near the junction. In some regions, the CdS
layer is observed, but with significantly decreased thickness.

EDS taken with a small probe size of 20 nm from the thickness-
reduced CdS region indicates that the CdS has converted to
CdS;_,Te, alloy. In the CdTe side, CdTe;_,S, alloys were found near
the junction. However, in Fig. 4c, in which the CdS layer was depos-
ited with 2.5 torr O pressure, the CdS layer is clearly seen and its
thickness is almost the same as the CdS layer in the reference sam-
ple (without a CdTe film). EDS data showed that CdS;_,Te, alloys
can only be found near the junction. As the distance from the junc-
tion increases, the concentration of Te decreases rapidly. This indi-
cates that the interdiffusion is much weaker in the CdS/CdTe
junction with the CdS layer deposited with the presence of O. In

other words, the presence of O in the CdS layer significantly sup-
presses the interdiffusion at the CdS/CdTe junction. To verify this
conclusion, we annealed the CSS-CdS thin film in an oxygen envi-
ronment at 400 °C for 10 min to incorporate oxygen into CdS. After
the annealing, CdTe was deposited at the same condition. With the
annealing, the CdS layer is now seen clearly, as shown in Fig. 4d,
confirming that the presence of oxygen in CdS significantly sup-
presses the interdiffusion at the CdS/CdTe interface.

We have also examined CdS/CdTe junctions with the CdS layer
grown by CBD. It is known that the CBD CdS films have a different
structure and contain large amounts of impurities, including a high
concentration of O. A cross-sectional TEM image (not shown) of a
CdS/CdTe junction with CBD CdS layer clearly revealed the CdS
layer. Similar to Fig. 4c, the thickness of CdS is not changed signif-
icantly after the deposition of CdTe. EDS data also showed
CdS,_,Te, alloys near the junction, and the concentration of Te de-
creases rapidly with the increase of distance from the junction.
Thus, the CdS/CdTe junction with CBD CdS demonstrates that it
is O that suppresses the interdiffusion at CdS/CdTe junctions.

The presence of O in CdS also affects the diffusion of S along grain
boundaries in CdTe. It is found that if both CdS and CdTe were
deposited in the presence of O, the diffusion of S along grain bound-
aries is minor. However, if both CdS and CdTe are deposited without
the presence of O, the diffusion of S along the grain boundaries in
CdTe is very significant [34]. The strong interdiffusion results in
completely consumed CdS regions and the formation of CdS;_,Te,
alloys with high Te concentration. The effects of completely con-
sumed CdS regions are similar to that of pinholes. This leads to a re-
duced V.. and short-circuit current density (Jsc) due to its increased
electrical shorting of the junction. The CdS;_,Te, alloys have a lower
energy bandgap than CdS and the bandgap changes with Te concen-
tration. The bandgap of CdS,_,Te, decreases very quickly with anin-
crease of Te concentration. Thus, strong interdiffusion will form a
thick lower-bandgap CdS; xTe, layer. This layer, which absorbs
more photons than CdS, will result in a blue loss. This also decreases
the Jsc. Thus, when O is present in CdS films, all these problems can
be overcome by suppressing the interdiffusion. In addition, the
CdTe;_,Sx alloy can also decrease the mismatch between the CdS
and CdTe, leading to reduced interface states. Thus, to some degree,
interdiffusion is helpful to cell performance. Hence, an optimized
oxygen concentration in the CdS layer would improve the CdS/CdTe
solar cell efficiency.

TEM has also been used to study the back-contact of CdTe solar
cells. Fabricating high quality back-contact for CdTe solar cells usu-
ally requires etching of the CdTe surface using mixed nitric and
phosphoric (NP) acids prior to applying the back contact, because
this process can improve the series resistance. NP etching is known
to deplete the crystalline CdTe surface of Cd and create a Te-rich
layer. TEM has been used to investigate this Te rich layer after
NP etching (an example is shown in Fig. 5a). The best back-contact
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Fig. 5. Cross-sectional TEM images of CdTe back junction. (a) CdTe with NP etching. (b) Interface between CdTe and Te layer. (c) HRTEM image of the interface region at CdTe/

Te.
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was also achieved by applying (HgTe, CuTe)-graphite paste to the
etched surface. It is found that this process facilitates the formation
of an intermediate layer between the CdTe and Te layers [6], as
indicated by the arrow in Fig. 5b. This intermediate layer was
found to contain high concentration of Hg. NP etching is known
to deplete Cd, forming Cd-poor CdTe, which is energetically unfa-
vorable. Therefore, Hg may diffuse from the (HgTe, CuTe)-graphite
paste into this region to occupy Cd vacancies to form Cd,Hg;_,Te.
The structure of Cd,Hg;_,Te should be similar to CdTe and should
have an epitaxial relationship with CdTe. Because Cu is very mobile
in CdTe, much Cu was found in this intermediate layer. To verify
the epitaxial relationship, we investigated the microstructure of a
single-crystal CdTe film after NP etching and (HgTe, CuTe)-graphite
pasting, because a single crystal allows us to perform high-resolu-
tion TEM more easily. We found that the effects of NP etching and
(HgTe, CuTe)-graphite pasting on single-crystal CdTe film are the
same as on polycrystalline CdTe films. Fig. 5c is a HRTEM image ob-
tained from the CdTe/Cd,Hg;_.Te interface from the CdTe single
crystal. The electron beam is along the [110] zone axis of CdTe.
The composition of Cd,Hg;_,Te is confirmed by EDS. The white
dashed line indicates the interface, which can only be estimated
from the contrast because there is no abrupt interface. The epitax-
ial relationship is seen clearly from the HRTEM image.

The formation of an epitaxial Cd,Hg;_xTe layer on CdTe is crit-
ical for forming a high-quality back contact on CdTe. Because of
the epitaxial relationship, the density of interface states at the
CdTe/Cd,Hg,_,Te interface will be very low. In addition, both
Cd,Hg;_,Te and Te are known to be excellent p-type conductors.
We may assume that there is no barrier between the CdHg;_,Te
and Te valence-band maxima. Thus, the hole-barrier at the CdTe/
Cd,Hg,_,Te[Te structure will be much smaller. The formation of
the epitaxial Cd,Hg,_,Te layer may improve hole flow at the back
contact, and hence, reduce the series resistance of the CdTe solar
cell device.

5. Structural defects

TEM has been used to identify the atomic structure and chem-
istry of defects such as stacking faults, twins, dislocations, and
grain boundaries in both CdTe and CIGS thin films [29-37]. Using
the combination of HRTEM, image simulation, and density-func-

TYY T Y

Fig. 7. TEM sample of CIGS showing the formation of secondary-phase, CuSe; .

tional theory (DFT), the atomic structure and electronic properties
of these defects are obtained [34,35]. It was found that stacking
faults and lamellar twins do not contain dangling bonds, and
therefore, do not create deep levels; thus, they are not extremely
harmful. However, grain boundaries are found to contain both Cd
and Te dangling bonds, which create deep levels and cause non-
radiative recombination and thus are harmful.

Fig. 6 shows an example of how the grain-boundary structures
are determined by using the combination of HRTEM, image simu-
lation, and DFT. The atomic structure of two grain boundaries are
first constructed based on the HRTEM images shown in Fig. 6¢
and d. These structure models are then relaxed using DFT calcula-
tions. Their optimized structures are shown in Fig. 6a and b,
respectively. The blue (dark color) balls indicate Cd atoms, whereas
the gray (light color) balls indicate Te atoms. These two struc-
tures—called DP(1) and DP(2), respectively—look similar, but have
different details. For example, in DP(1), in Fig. 6a, the atom num-
bered “3” has four bonds and Te numbered “2” has a dangling
bond. But in DP(2), the atom numbered “3” has four bonds and
Te numbered “2” has a dangling bond. The two structurally
optimized models are used for HRTEM image simulations. The
experimental parameters are obtained by through-focus and
through-thickness simulations of the HRTEM image of the perfect

1®)

Fig. 6. (a and b) Optimized DP(1) and DP(2) structure models. The black balls indicate Cd atoms, and the gray balls indicate Te atoms. (c and d) Simulated HRTEM image using
DP(1) and DP(2) structure models. (e and f) HRTEM images of two boundaries that match the simulated images.
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regions near the boundary. Fig. 6¢ and d are the simulated images
using the structural models of Fig. 5a and b, respectively. For these
simulations, these images are seen to fit with two HRTEM images,
Fig. 6e and f, obtained from DP twin boundaries. DFT calculations
also revealed that these grain boundaries exhibit deep levels in
the bandgap of CdTe. The details can be found in Ref. [34].

6. Phase separation

The formation of secondary phases is very harmful for thin-film
solar cells. However, for multinary compound materials such as
CIGS and CZTS, the formation of a secondary phase is possible.
For example, Cu,SnS, has been found in CZTS [40]. The secondary
phases can often form inside the absorber materials. TEM is a good
technique to view the location of the secondary phases. For exam-
ple, if a Cu-rich CIGS film is grown, a secondary phase of CuSe;_,
will typically form. The location of CuSe;_, particles embedded in
a CIGS grain is shown in Fig. 7. The black particles are CuSe;_, par-
ticles, as confirmed by EDS analysis, which showed only Cu and Se
peaks. Because no In and Ga signals were detected from the
CuSe,_, particles, the CuSe;_, particles likely partially penetrate
the grains of the CIGS films, or the Cu,Se particles are embedded
in the large CIGS grains. Diffraction patterns from these particles
and the surrounding CIGS revealed that the CuSe;_, particles and
the CIGS have similar diffraction patterns; they also have an epi-
taxial relationship, where CuSe;_, particles adopt the structure of
CIGS when they are embedded in CIGS.

7. Future directions

This brief review has shown that TEM is a powerful technique to
provide information on the microstructure and chemistry of defects,
interfaces, and junctions in polycrystalline thin-film solar cells.
However, TEM based techniques have the ability to provide much
more information. For example, electron energy loss spectroscopy
(EELS), and cathodoluminescence (CL) and electron-beam-induced
current (EBIC) can provide electronic information of solar cell mate-
rials. This information can provide significant insight for under-
standing the performance of thin film solar cells. We think an
integrated TEM system with the capability of EELS, EDS, CL, and EBIC
will play an even more important role in the research of PV materi-
als, because such an system enables the mapping of the structural,
chemical, electrical, optical, and electronic information from the
same location. Such integration has been very difficult, because
TEM with high spatial resolution does not have the volume needed
to integrate additional tools. However, with the rapid progress of
aberration-corrected TEMs, which offer large space for integration
and yet maintain high special resolution, the integrated TEM system
should become available in the near future.
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