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High Resolution Observations of Copper Vacancy Ordering
in Chalcocite (CUZS) and the Transformation to
Djurleite (Cu

1.97-1.945)

by

T,D.-Sands, 3. Washburn and R. “'Gro‘nsky
_Materials and Molecﬁlar Research Division
Lawrence Berkeley Laboratory
University of Califﬁrnia

Berkeley, CA 94720

The technique of high resolution transmission electron microscopy
(TEM) has permitted the first real space observations of the ordering of
copper in the sulfur sublattices of chalcocite (CuZS) and djurleite (Cul.97_
1.%5). Copper sulfide thin films formed by the ion exchange process in
CdS singlé.crystals are shown to be éomposed of small domains of the two
phases {(~ 10 to 100nm in diameter), separated by abrupt coherent
' ';irn‘t:efii’.-aces. Strdin cédlculations for these interfaces agree qualitatively
withexperimental .éprer;vatibns. ';Eln;.e‘aédiit-iﬁn, the «chalcocite inthe _‘*v.fisc;init-y
~of éﬁh’a‘ﬁlﬁ@éiﬁfcfiﬂ@ﬁﬂé&e iiriteifaces ‘was found ?;t«d ‘contain a ‘high density of

HFatlts. “Structural z:considerations Show ‘that -these -faults .are

1/47010]

Jikely:sites for-coppervacancies.



-2 -

1. Introduction
Cuz_xS/(Cd,Zn)S thin film photovoltaic devices havé recently sur-
passed 10% efficiency in the lab [1]. Unfortunately, the feasibility of
these devices for terrestrial use is limited by inherent instabilities in the
copper sulfide layer [1 = 4]. Extended heat treatments [2], exposure to
the atmosphere [5 = 8], énd field-assisted copper migration [4,7,8] can
all result in the transformation of chalcocite (~Cul.9955) to djurleite

(Cu S) with a corresponding reduction in cell efficiency [9,10].

1.97-1.94
The development of a copper sulfide layer with improved stability and
'optimum stoichiometry has been inhibited by a lack of understanding
regarding the structures and phase relationships of chalcocite and
djurleite [11]. It is the objective of this study to determine the

structural relationships between these two phases so that the low-

temperature (T < 100°C) transformation mechanism may be determined.
1.1. Copper Sulfide Phase Relationships

Both chalcocite and djurléite are composed 'of an ordered
superlattice of copper within a distorted hexagonal-close-packed sulfur
‘sublattice. Above 104°C the copper atoms in CuZS become disordered.
However, below 435°C the hexagonal-closev-packed sulfur sublattice is
retained [12-14]. This disordered phase is hexagonal (space group
P6/mmce) withaa, . =.395am and ¢, = 675nm [11].

Equilibrium phase diagram determination has been hampered by the
‘appearance of several metastable phases .and “the kinetic effects
associated with thern {12,14]. The most accurate results to -date ‘have
come from electrochemical measurements by Potter J12]. His version

of the Cu-S jphase diagram (Fig. 1) illustrates ithe extreme structural
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sensitivity of Cuz_xS to small deviations in stoichiometry from CUZ.OOOS’
especially near the order-disorder transition temperatures (90-104°C)'..v

The structure of the stable low temperature phases, djurleite and |
low chalcocite, are still in question. However, x-ray work by Evans
[15,16] has yielded results which. are reasonable but complicated. Evans

found that low chalcocite is monoclinic with a space group of either P2 l/c

or Pc and the following unit cell parameters:

a = 1.525nm
b = 1.188nm
c = 1.349nm
B = 116.35°
cell content: 48 Cuzs.

The c-axis coincides with the c-axis of the sulfur sublattice while b is

approximately three times the hexagonal sublattice parameter "ahex"'

Djurleite (Cu1 9385) was also found to be monaclinic with space group

P21/n and the following unit cell parameters:

a = 2.690nm
b = 1.575nm
c = 1357nm
B = 901%°

cell content: 248 Cu, 128 S.

The a-axis coincides with the c=axis :6f the sulfur sublattice -while b is

-approximately four times-the hexagonal sublattice parameter "ahe;"
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Electrochemical measurements by Potter [12] | indicate that
djurleite is a solid solution with (2-x) varying from 1.965 to 1.934. Since
one copper vacancy in the asymmetric unit of. djurleite yields a
composition of CuL%gS while two vacancies yield a composition of

Cu S, it is reasonable to consider djurleite to be a superstructure

1.938
resulting from the ordering of copper vacancies in low chalcocite. The
structure of Cu1.9695 has not been reported, presumably because_it is
very difficult to isolate this phase from chalcocite and Cu1.9385 [15] (as
would be required for conclusive x-ray diffraction measurements).
However, lattice parameter measurements by electron diffraction of Cu-
rich djurleite coherently intergrown with chalcocite yield values similar to
those reported by Evans for Cul.gms.* |

The structural relationships between chalcocite and djurleite are
difficult to visual‘ize with the unit cells described above. Fortunatély,
both phases can be adequately described with simple pseudo-brthorhombic
unit cells which clearly reveal geometrical relationships. Thus, the

following approximate unit cell conventions will be used for the remainder

of the paper:

chalcocite a = 1.19nm
| b = 2.73nm

¢ = L135m

d jur:le-ite o a' = 1.57nm
b = 1.36nm

¢ = .2:690m

* . -
+or-example see Fig. 7c
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With these conventions the following relationships hold with respect to the

lattice parameters of high-temperature hexagonal chalcocite:

chalcocite a = 3. 3o
b =4 3. A ex

¢ = 2. Chex

djurleit’e a I o4, Aoy
b* = 2 3. A ex
| ¢ = 4. Chex °

From the above, it is evident that the pseudo-orfhorhombic unit cells of
both chalcocite and djurleite can have any of three orientations at ~ 120°
intervals about the( c-axis in a fixed h.c.p. sulfur sublattice (see Fig. 2).
However, the distortion of the actual sulfur sublattice makes certain
orientational combinations of the two phases more compatible than others

(see Sec. 3.2).
1.2. Electron Microscopy- of the Chalcocite-D jurleite'Transformation

The structural compatibility of low chalcocite and djurleite, and the
small difference in composition between these two phases makes
macroscopic studies of their structure and transformations ambiguous. The

chalcocite-djurleite transformation has not, to the author's knowledge,

‘been studied previously in real.space -at a microscopic’level. ‘However,-an

- electron diffraction experiment involving these phases hasbeen.reported by

A.Putnis [11]. -He observed the behavior -of copper stulfide specimens of

-unknown .composition when ‘heated by the .electron beam. As:he monitored
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electron diffraction patterns of the same areas through heating and .cooling
cycles, Putnis noted that the two phases, chalcocite and djurleite, seemed
to form with nearly equal likelihood upon cooling, regardless of the initial
phase. Putnis concludes§ "The tiaﬁsformation sequence clearly implies
that the chalcocite and djurleite superstructures can éxist at the same
che rﬁical' composition.”

Although his results may be important, there is some question about
the validity.of his interpretation. First, as the results presented in this
paper show, chalcocite and djurleite can be coherently intergrown with
superlattice grain dimensions varying from ten nanometers to several
hundred nanometers. Therefore, a two phase mixture, when heated above
the order-disorder transformation temperature and then cooled, can have a
resulting microstructure with an entirely different spatial arrangement of
-the two phases (requiring only a small amount of Cu ‘ion movement), while
preserving the same average composition.

Second, Putnis reports that he was able to monitor the diffraction
pattern from the same 100nm diameter area through the thermal cycles
using a selected area aperture. However, the uncertainty in locating a
selected area aperture is typically 35nm (on the specimen plane) due to
spherical aberration of the objective lens [17]. In addition, the necessary
adjustment of the specimen position after beam heating introduces further
uncertainties.

To avoid these difficulties and their associated ambiguities, the
- technigue of phase contrast transmission electron microscopy was chosen
to observe the microstructure of C"Z-xs in both real space and reciprocal

‘space. An added benefit of this method is that TEM specimens are
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generally several tens of nanometers to several hundred nanometers thick,
approximately the same thickness range as that of typical Cuz_xS layers in

Cuz-xS/CdS solar cells.

2. Experimental

In order to avoid the complications of CdS grain boundaries in this
initial study, bulk single crystals of undoped CdS (Eagle-Picher) were used
as the starting material. Transmission electron hicroscope specimens of
CdS were fabricated by orienting t.hé crystal with the Laue x-ray
technique ((0001) orientation), sectioning the CdS with a diamond saw, and
then mechanically and chemically polishing the specimen to a thickness of
approximately 50um.‘ The final thinning was accomplished by argon ion
milling to electron transparency. |

Freshly ion milled CdS specimens were etched for 5-10 seconds in
37% HCI and then dipped in a CuCl (5-9's) ion exchange bath [18] for 30
seconds at 95 to 98°C (the conventional method of preparing 'Cuz_*S 1aY'ers
for solaf cells). The resulting topotaxial exchange i‘eactioﬁ converted the
entire thin area (tranépareht to 100keV electrons) to Cuz'_ S. A small
concentration of cadrﬁium trapped at the end of the exchange process
probably remained in the copper sulfide, especially in the thicker regions
of the specimens near the CdS/CuZ_xS interface [19].

Spée'imens were rinsed in de-ionized water to terminate the
exchange reaction and remove surface reaction products (i.e. CdCiZ).

After drying in air at room temperature for several hours, a Cu, x.S/C.dS

‘specifmnen was ‘inserted into a Siemens 102 transmission electron

microscope operated at 100kV. Phase contrast electron microscopy was
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used to obtain a "superétructure irﬁage"* of a desired area in a [001] ione
axis orientation. Each specimen was re-examined after a heat treatment
in laboratory air at 180 + 5°C for several minutes (simulating heat
treatments given to Cuz_xS/CdS solar cells). Microstructural changes
observed in the same areas after heat treatment are not the subject of

this paper and will be reported elsewhere.

3. Results ahd Discussion

3.1. The Structures of Chalcocite énd Dijurleite.

Using the atom positions reported by Evans [15,16], the structures
of chalcocite and djurleite can be compared as follows:

The low chalcocite structure has a fairly well-developed Cu1256

repeat unit (see Fig. 3). The pseudo-orthorhombic unit cell contains 16 of
these units. All have approximately the same structure although exact
atom positions vary from one unit to the next. The prominent feature of
these Cu1256 groups is a ring of five copper atoms occupying five corners
of a distorted hexagon.** The spatial arrangemént of these building units

is indicated in Fig. 4.

*Only superlattice reflect';ons were admitted by the objective aperture.
See Fig. 7a.
**The chalcocite structure reported by Evans {15,16] has eight building
-units per monoclinic unit cell. One unit has a four-Cu layer, one has a

8ix=Cu layer, and the remaining units have five-Cu layers.



Examination of the djurleite (CUL%BS) structure did not reveal a
repeating building unit which invol\)es all of the atoms of the unit cell.
However, "double building units" of combosition CUZDSIZ are located at
body—centefed sites of the pseudo-orthorhombic unit cell. These clusters
resemble two chalcocite building units placed base-to-base. The major
difference is that the two five-member rings are replaced by a single six-
member ring (see Fig. 5). The remaining copper atoms in the unit cell are
ordered in a manner similar to the ordering of copper in chalcocite. |

The two CuZOSlz' groups per unit cell account for all eight of the
vacancies in a unit cell of djurleite (Cul.9385). The tendency for four
vacancies to cluster into a Cuzoslz' group and the fact that the lattice
parameters of Cul.9695 and Cu1.9385 are similar, lead to the conclusion
that there is probably no radical difference between the structures of
these two extremes of the djurleite solid-solution range. Therefore, it
seems likely' thaf the four vacancies per unit cell of Cul.9695 are all
clustered into one Cuzos12 group with the remainder of the copper atoms

ordered in groups similar to the building units of chalcocite.

3.2. Chalcocite/Dijurleite Interfaces

The technique of high resolution TEM allows direct observation of
chalcocite/djurleite interfaces. Fig. 6 schematically illustrates ten
variations of vé'rft_i'c‘a’l interfaces (containing the c¢'-axis). Each of the
4interfaces-observed in this:study fits into one of these ten categories.

“Based -on -a reduction of strain energy alone, one would expect to

wbserve mostly E(0.1%) or G(0.3%) interfaces. Accordingly, the most
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common interface observed in thisv study was E (see Figs. 7c, 84andA 9)
followed by G (Figs. 7c and 9). Close examination of Fig. 7c reveals an E,
G interface which appears to be highly coherent and essentially strain-
free (see Figs. 7a and 7b for indexed diffraction pattern). A lower
‘ magnification image of the same region shows that this interface is
roughly flat for at least 100nm, considerably longer than any other
chalcocite/djurleite boundary imaged in this study.
~ As expected, the higher mismatch interfaces (F = 1.0% and H =
1.2%) were observed infrequently and found to be short (~6nm) and highly
strained (see Fig. 8). Correspondingly, the 0.6 to 0.7% mismatch
interfaces imaged in Figs. 10 (B: 0.6%) and 11 (A: 0.7%) are intermediate
in length (~ 10 to 20nm). |
Observations of these interfaces after aging in air at room tempera-
ture indicate that the low temperature transformation proceeds by the
motion of low strain iﬁterfaces (such as E and G) at the expense of higher
strain regions (such as the island of djurleite imaged. in Fig. 10). However,
before observations of these interfaces can be properly interpreted, the
nature of the faulting observed on (040) planes of chalcocite (Figs. 7c, 9

and 11) must be clearly understood.

3.3. Faulting in Chalcocite.

The frequently observed variation in spacing along the [010] direc-
tion in chalcocite is .most easily explained by the 1/4 [010] fault

«diagrammed in Fig. 12. The 5+Cu layers of the :c_un:s., ‘building unit are

Tepresented as-in Fig..12. ‘Note that, in the unfaulted structure, a copper
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atom is associated with éach side of the hexagon. Therefore, each
hexagon contains 4 + 1/2 +'1/2, or five, copper atoms. If this same rule is
obeyed for the faulted structure in Fig. 17, then each h'exagbn along the -
fau'lt contains an average of four copper atoms. Thus, the densely-packed
copper layers along the fault are likely sites for copper vacancies (and
‘possibly cd™ impuritiés).

Further support for this mode! comes from the observat.ion of these
faults near chalcocite/djurleite interfaces. Vacancy condensation along
‘these faults would slightly reduce the average S-S distance in the basal.
plane, thereby affording a better lattice match with djurleite. However,
if the 5-Cu layers remained intact at the fault, the resulting expansive
strain on the sulfur sublattice would increase the lattice mismatch
between chalcocite and djurleite. Therefore, it seems spatially and
energetically favorable for vacancies to condense on tﬁese chalcocite 1/4
[010] faults. In fact, comparison of faulted regions with adjacent
unfaulted areas show that the fault width is approximately 8% smaller
than the separation between (040) planes in unfaulted chalcocite (for
example, lattice parameter measurements of the area imaged in Fig. 9
show that the fault width is 0.63 + 0.03nm compared to. the unfaulted (040)
separation of approximately 0.68hm).

Perhaps the most interesting consequence of this model is the
.predi;ted variation in the -cohper-ato-.su’lffur ratio allowed by these faults.
Table 1 shows the calculated .composition of chalcocite as a ‘function of
‘the average distance ‘between faults :along with the :perceént lattice

ccontraction assuming-an 0.85nm-contractionper fault.
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TABLE 1
CALCULATED COMPOSITIONS OF FAULTED CHALCOCITE

Spacing between faults in Lattice contraction Composition

[010] direction | in [010] direction (2-x)
3.4nm 1.5% 1,933

4.8 11 1.952

6.1 : 0.8 1.963

7.5 0.7 1.969

8.9 0.6 , | 1974
10.2 0.5 1.978
14.3 0.3 1.984
28.0 0.2 1.992
100.0 . 1.996

Note that a fault spacing of 7.5nm (equivalent to five 1.36nm wide
unfaulted layers separating each 0.63nm wide faulted layer) yields a
composition of Cul.%gs, the copper-rich end .of the djurleite -solid
solution range. This may explain the unexpected results obtained by
Putnis (described in the Introduction) {11].

The verification of ‘this model with further microscopy, including

careful lattice parameter reasurements, may 4llow the association :0f
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compositional maps with high resolution images of chalcocite. Such maps

“would be very useful for quantifying the effects of environment on copper

sulfide.

3.4. Model of the Chalcocite-Djurleite Transformation

Based upon the observatfons of the above sections, the following
model of the low temperature oxidation of chalcocite to djurleite has
emérged:

First, the relatively well-ordered chalcocite loses some copper to
oiygen or COZat a freé surface or grain boundary. The high mobility of
copper [20] allows groups of four Cu vacancies to readily cluster into
CuzoSl2 units. These clusters assume their lowest energy by ordering in
an orthorhombic fashion with copper and sulfur atoms appearing in a two-
to-one ratio surrounding the Cuzosl2 groups. The resulting interface is
between chalcocite and djurleite (Cul.9 695).

Further.copper removal at the chalcocite/djurleite boundary leads to
the motion of this interface and the clustering of more copper vacancies
into CUZUS12 groups. These additional clusters form at sites in body-
centered positions of the unit cells of djurleite. A region saturated with
these clusters has 8 copper vacancies per unit cell volume and a
composition of Cul.”.BS, which is the composition of the djurleite studied
by Evans [15]. Thus, djurleite may be regarded as a solid solution with a
constant ort:hor-hombic framework .of CUZOSJ.Z groups. Compositions
between Cu; o305 and Cu; g.95 can be achieved by -a statistical

distribution of Cuzﬁsl2 ‘clusters arnong ‘the ‘body-centered sites. ‘Copper
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loss from Cu1 938S results in the formation of other phases which are

" beyond the scope of this investigation.

4. Conclusion
The microstructure of Cuz_xS is determined primarily by the
ordering of copper vacancies. The high mobility of copper ions in the
sulfur sublattice and the variability of their charge states facilitate the
condensation of copper vacancies into planar 1/4 [010] faults in
chalcocite * and 4-vacancy clusters (CUZOSIZ units) in djurleite.
Consequently, the chalcocite-djurleite transformation involves short range

diffusion of copper ions in the interface region.

Acknowledgements

This work was supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Division of Materials Sciences

of the U. S. Department of Energy under Contract No. W-7405-ENG-48.



(1]
(2]
(3]
[4]

[5]
[6]

[71
[8]
(9]
[10]

f11]

[12]

[13]

[14]
[(15]

(161
[17]

[18]

- 15 -

" References
J. Leong and S. Deb, SERI/TP-613-12-20 (1981).
L. C. Burton and H. M. Windawi, J. Appl. Phys. 47, 4621 (1976).
B. G. Caswell and J. Woods, phys. stat. sol. (a).a_a_, K47 (1977).

th IEEE Photo-

H. J. Mathieu, K. K. Reinhartz, and H. Rickert, 10
voltaic Speé. Conf., 93 (1973). |
R. J. Mytton et al., 9th IEEE Photovoltaic Spec. Conf., 133 (1972).

P IEEE Photovoltaic Spec.

A. L. Fahrenbruch and R. H. Bube, 10
Conf., 85 (1973).

W. Palz ﬂv al., 10" IEEE Photovoltaic Spec. Conf., 69 (1973).
H. M. Windawi, 11th IEEE Photovoltéic Sbéc. Conf., 464 (1975).
J. Washburn and T. Peterson, phys. stat. sol. (a) 22, 721 (1974).

N. Convers Wyeth and A. W. Catalano, thh

IEEE Photovoltaic
Spec. Conf., 471 (1976). |

A. Putnis, Am. Mineralogist 62, 107 (1977).

R. W. Potter, Economic Geology 72, 1524 (1977).

W. R. Cook, L. Shiozawa, and F. Augustine, J. Appl. Phys. 41,
3058 (1970).

E. H. Roseboom, Economic"Geology 61, 641 (1966).

H. T. Evans, Science 203, 356 (1979).

‘H. T. Evans, Nature Phys. Science 232, 69 (1971).

G. Thomas and M. J. Goringe, Transmission Electron Microscopy

of Mat,e,rialszv (John Wiley and Sons, 1979), 27.

th

B. Baron, A. W. Catalano and E. A. Fagen, 13" IEEE Photovoitaic

‘Specialists.



-16 -

[19] V. G.Bhide et al. J. Phys. D: Appl. Phys. 14, 1647 (1981).

[20]  T.Kanashiro et al., Solid State Ionics 3/4, 327 (1981).



L1l

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Flg. da.

Cu-S phase diagram as determined by Potter [12]. "Ch

-17 -

Figure Captions

"
_ dis
represents disordered hexagonal chalcocite

Chalcocite and djurleite psuedo-orthorhombic unit cells in

the basal plane of the sulfur sublattice. The dotted line

indicates the apparent size of the chalcocite unit cell in c'-
axis projection.

Exploded schematic di.agram of the CulZS6 chalcocite
building unit. Sulfur atoms are in roughly h.c.p. positions.
The arrangement of building units in chalcocite. Hexagons
represent the five-Cu layers of the building units (see Fig.
3). The remainder of the unit is above (O) or below (O) the

indicated plane.

Exploded schematic diagram of the djurleite Cuzos12 four-
vacancy cluster.

Schematic representatkion of chalcocite/djurleite interfaces
containing the c'-axis. Wider spaced lines rep:eseht the

(100) planes of djurleite (~ 1.6nm épacing). Narrowly-spaced

lines represent the (100) planes of ‘chalcocite (~ 1.2nm

. spacing). The number below each diagram is the precent

misfit in ‘the sulfur basal plane caléulat—ed from the data of

‘Evans [15,16]. The chalcocite sublattice is always larger.

Typical [001] zone axis chalcocite/djurleite diffraction

pattern :of as as-plated specimen. . Note the streaks through

the 020 position of the .chalcocite reciprocal lattice. The



Fig. 8

Fig. 9.

Fig. 10.
Fig. 11.

Fig. 12.
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circular shadow represents the size of the objective aperture
used throughout this study. Diffraction spots are indexed in
Fig. 7b. Fig. 7c is the high resolution image corresponding
to the diffraction pattern of Fig. 7a. Faults (three of which
are indicated by arrows) are res;idnsible for the streaking in
tvhe diffraction pattern.

High strain chalcocite/djurleite interfaces. Note lobes of
strain contrast due to an H (1.2%) interface (right arrow)
and an F (1.0%) interface (left arrow).

Two pairs of 1/4 [010] faults in chalcocite.” One pair is
separated by 3.4nm while the other pair is separated by
4.8nm. | -'
Iéland of djurleite surrounded by chalcocite.

1/4 [010] fault near chalcocite/djurleite interface.

| Diagram of chalcocite 1/4 [010] fault. For simplicity, the

fault width is shown as half of the (020) spacing. Measure-
ments indicate that the true fault width is 0.63 + 0.03nm.
As in Fig. 4, hexagons represent the densely packed copper
layers of the chalcocite vbuilding units. Units which have
their five-Cu layers 0.34nm above and below the indicated

plane occupy the space between each row of hexagons. One

‘copper atom is associated with -each unshared side of a

thexagon. Shared -sides also contain one copper atom,

resulting in the five=Cu layers -of the unfaulted chalcocite

-and the -predicted -nonstoichiometry of the -faulted chal-

tocite.
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THE ARRANGEMENT OF
BUILDING UNITS IN CHALCOCITE
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Hexagons represent the 5-Cu layers of the building
units. The remainder of the unit is above (©)or

below (®) the indicated plane. .
‘ XBL 8110-7087

Fig. 4
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This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.
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