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Recently, room-temperature ionic liquids have
been intensively studied as an attractive alter-
native to conventional electrolytes for ECs be-
cause of their high ion density, good thermal
stability, and nonvolatility, as well as their wider
potential window when compared with organic
electrolytes (/4, 32). We fabricated an LSG-EC
using the ionic liquid 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIMBF,) that exhibited a
specific capacitance as high as 5.02 mF/cm?
(276 F/g1 sG/electrode) @and at a wider potential
window of 4 V (fig. S16). A prototype LSG-EC
was made and encapsulated in the EMIMBF,
electrolyte, charged at a constant potential of
3.5V, and used to light up a red LED for ~24 min
(movie S1).

In order to demonstrate the overall perform-
ance of the LSG-ECs using various electro-
lytes, a Ragone plot is shown in Fig. 5 comparing
the performance of LSG-ECs with different
energy storage devices designed for high-power
microelectronics. This includes a commercial
2.75 V/44 mF AC-EC and a 500-uAh thin-film
lithium battery and a 3 V/300 uF aluminum elec-
trolytic capacitor, all tested under the same dy-
namic conditions (SOM section 9). The plot shows
the volumetric energy density and power den-
sity of the stack for all the devices tested. The
LSG-EC can exhibit energy densities of up to
1.36 mWh/cm®, a value that is approximately
two times higher than that of the AC-EC. Addi-
tionally, LSG-ECs can deliver a power density of
~20 W/em?®, which is 20 times higher than that of

the AC-EC and three-orders of magnitude higher
than that of the 500-uAh thin-film lithium bat-
tery. Although the electrolytic capacitor delivers
ultrahigh power, it has an energy density that is
three orders of magnitude lower than the LSG-
EC. Because of the simplicity of the device ar-
chitecture and the availability of the graphite
oxide precursor, which is already manufactured
on the ton scale, these LSG-ECs hold promise
for commercial applications.
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Scaling Hetero-Epitaxy from Layers
to Three-Dimensional Crystals

Claudiu V. Falub,™* Hans von Kinel,* Fabio Isa,> Roberto Bergamaschini,?
Anna Marzegalli,® Daniel Chrastina,? Giovanni Isella,” Elisabeth Miiller,*

Philippe Niedermann,® Leo Miglio®

Quantum structures made from epitaxial semiconductor layers have revolutionized our understanding of
low-dimensional systems and are used for ultrafast transistors, semiconductor lasers, and detectors. Strain
induced by different lattice parameters and thermal properties offers additional degrees of freedom for
tailoring materials, but often at the expense of dislocation generation, wafer bowing, and cracks. We
eliminated these drawbacks by fast, low-temperature epitaxial growth of Ge and SiGe crystals onto
micrometer-scale tall pillars etched into Si(001) substrates. Faceted crystals were shown to be strain- and
defect-free by x-ray diffraction, electron microscopy, and defect etching. They formed space-filling arrays
up to tens of micrometers in height by a mechanism of self-limited lateral growth. The mechanism is
explained by reduced surface diffusion and flux shielding by nearest-neighbor crystals.

uantum structures based on epitaxially

grown semiconductor layers are a play-

ground for studying electron transport
and optical properties, especially at low tem-
peratures, where electron mobilities have reached
values above 30 million cm®/V-s (/). The discov-
ery of fundamental phenomena such as the frac-
tional quantum Hall effect (2) can be traced to the
perfection of epitaxial heterostructures. Although
progress has been faster for lattice-matched sys-
tems, the additional degree of freedom for band

structure engineering offered by strain has become
increasingly attractive. Nowadays, most state-of-
the art microprocessors exploit strained Si (3).
The strain introduced by growing a single-
crystalline layer of one material on a second
crystal differing in lattice parameter can persist
only up to a certain critical thickness (4, 5). Be-
yond that thickness, segments of misfit disloca-
tions form at the interface, gradually relieving
the misfit strain as growth proceeds. Misfit dis-
location segments are always accompanied by

threading dislocations extending to the surface
(9). From a practical point of view, threading dis-
locations are most undesirable, because they
may penetrate active device regions far away
from a dislocated interface. Numerous methods
have been more or less successful in reducing
threading dislocation densities (6—18).

Equally fundamental problems arise for ap-
plications requiring thick layers, such as high-
brightness light-emitting diodes, power transistors,
or multiple-junction solar cells. Different ther-
mal expansion coefficients of layers and sub-
strates then often cause layer cracking (/9) and
wafer bowing (20), prohibiting further wafer
processing or causing device failure. Regarding
these effects, frequently dwarfing the dislocation
problem in practical importance, no satisfactory
solution has been found to date.

In the quest for a viable path toward the mono-
lithic integration of an x-ray imaging detector onto
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a complementary metal oxide semiconductor
(CMOS) chip, we have developed a solution that
may pave the way for the hetero-epitaxial growth
of mismatched structures of any vertical scale
onto any substrate. We consider the case of very
thick Ge and SiGe layers deposited in a mask-
less process on a patterned Si(001) substrate. For
pure Ge, the lattice and thermal expansion coef-
ficient mismatches at room temperature are ~4.2%
(21) and ~130% (22), respectively. We show that
continuous films can be prevented from forming
by growing far from equilibrium onto substrate
features with high aspect ratios (i.e., height to
base width). This results in a uniform space-filling
array of three-dimensional (3D) epitaxial crystals,
coalescence of which is avoided by self-limited
lateral expansion, whereas their height, size, and
shape can be tuned over a wide range by growth
and substrate parameters. The observed piling up
of crystalline material, dictated by kinetics and
geometry, thus mimics 3D growth of bulk ingots
on a micrometer scale.

Figure 1A shows an example of Ge crystals,
grown on a periodic array of Si seeds. The seeds
were formed by deep micromachining of (001)-
oriented (within +0.5°) Si substrates (23) into
pillars from 1.7 to 8 um in height, with base width
from 0.75 to 15 pm and spacing from 200 nm to
50 um. Scanning electron microscopy (SEM) im-
ages of 8-um-tall and 2-um-wide pillars are dis-
played in Fig. 1B. Subsequently, Ge was deposited
epitaxially by low-energy plasma-enhanced chem-
ical vapor deposition (LEPECVD) (24) at a high
rate of 4 nm/s and growth temperatures 7 from
415° to 585°C (23). The SEM micrographs of
Fig. 1C show arrays of Ge crystals grown on the
two patterns of Fig. 1B. In contrast to the faceted
crystals of Fig. 1A, they are shaped as flat-topped
towers because of the lower growth temperature.

The deposition is highly nonconformal, char-
acterized by self-limited lateral expansion near
the bottom of the towers, subsequently evolving
into vertical growth, irrespective of the amount
of Ge material deposited and the details of the
substrate patterns (Fig. 2A, and figs. S1 and S2)
(23). The axes of the towers are defined by the
growth direction, even when intentionally mis-

Fig. 1. Self-limited growth
of Ge epitaxial crystals
in the form of towers on
deeply patterned Si(001)
substrates. (A) Perspective-
view SEM micrograph of
8-um-tall Ge towers grown
at 560°C on patterned
Si wafers with 8-um-tall
and 2-um-wide pillars,
spaced by 2-um trenches.
(B) Perspective- and top-
view SEM micrographs of
8-um-tall pillars micro-
machined on Si(001) wa-
fers by deep reactive ion

4
L

oriented substrates (~6°) are used (fig. S3). The
general shape of the towers is practically unaf-
fected by the surface finishing (clean or oxi-
dized) of the Si pillars, their sidewall roughness,
and their exact orientation with respect to [001]
(figs. S3 to S5). It does not even depend on the
lattice and thermal mismatch, as a comparison
of pure Si, Sig¢Geg4 alloy and pure Ge towers
shows (fig. S6).

Depending on the choice of substrate pattern
and the amount of material deposited, the arrays
visible in Fig. 1C can cover almost the entire sub-
strate surface, resulting in space fillings of up to
96%. By preventing the formation of a continuous
layer, crack propagation and wafer bowing are
inhibited, no matter how thick the epitaxial de-
position. This can be seen in the Nomarski in-
terference contrast image of Fig. 2B, showing
the boundary between patterned and unpatterned
regions of a 27-um-thick layer. The continuous
region (blue) exhibits many cracks due to the ther-
mal stress developed during cool-down from the
growth temperature, but no cracks have propa-
gated into the patterned region (gray). The insets
show expanded Nomarski and SEM views of
Ge towers, exhibiting an aspect ratio of about 5.

In order to assess the crystal quality, tilt,
and strain status of the Ge towers we used high-
resolution x-ray diffraction, with reciprocal space
mapping around the Si(004) and Si(224) reflec-
tions (23). The results provided evidence for the
nearly perfect crystal structure of the towers and
showed that the Ge material on the Si pillars is
completely unstrained (figs. S7 to S9). The full
relaxation of the thermal strain in the case of
deposition on patterned Si substrates is likely to
be purely elastic, provided by the high aspect
ratio of the Ge towers, as confirmed by finite
element method simulations (fig. S10) (23).

In order to understand which particular dep-
osition features generate the growth and self-
limited lateral expansion of Ge towers observed
in Figs. 1 and 2 and figs. S1 to S7, we set up a
2D growth model based on a rate equation for
the adatom phase, commonly used for interpret-
ing facet growth in selective area deposition (SAD)
experiments (25, 26). In such an empirical mod-

REPORTS I

el, the temporal variation of the adatom phase,
which is usually a fraction of a monolayer, at a
specific surface site is determined by the balance
between the incoming flux, the incorporation
rate into the crystal, the etching (or desorption)
rate, and the diffusion from one site to another
or from one facet to another (23).

The first key point in our experiments to
be accounted for is the high deposition rate of
4 nm/s on (001) surfaces at low TG (415° to
585°C). We estimate mean free paths for surface
diffusion to be on the order of 100 to 200 nm in
the time taken to deposit one monolayer, so that
diffusion can be neglected on the scale of tower
facets. Favored facets, typically {110}, {111},
{113}, and {001}, hence grow independently. The
growth velocity perpendicular to a facet {/kl} is
v =y - ®, where y is an incorporation factor,
representing the net fraction of the incoming flux
@ incorporated into the solid under stationary
conditions. This factor is related to the balance
between crystallization and etching/desorption
rates, which depend on the facet considered.

In addressing the flux @ on different facets,
we take into account both the velocity distri-
bution of the activated gaseous species in the
LEPECVD deposition chamber (27) and the in-
clination of each facet. Because of the large (com-
pared to the pattern size) mean free path for
the scattered molecules in the gas phase (some
centimeters for average chamber pressures of
~107% mbar), the total flux can be described as
the superposition of a dominant isotropic part
®,, indicated by red arrows in Fig. 3A, and a
uniform vertical contribution ®,, accounting for
the preferential motion induced by charged spe-
cies propagating from the plasma source to the
sample (green arrows in Fig. 3A) (27). Their
ratio is set to approximately 3:1, in order to ac-
count for the experimental accumulation at the
bottom of the trenches (Fig. 3D), when progres-
sive closure of the tower spacing is simulated.
As a result, each facet experiences a different in-
coming flux @ because of its orientation with
respect to the vertical direction (fig. S11A).

The second key point of our experimental
configuration is the additional reduction in the

etching. (C) Top- and perspective-view SEM micrographs of Ge towers grown at 415°C by LEPECVD on the Si pillars depicted in (B).
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incoming flux by the shielding from neighbor-
ing towers, so that it is no longer uniform across
a facet. After initial vertical and lateral growth,
the flux component ®; on vertical {110} facets
is progressively reduced as the space between
the Ge towers gets smaller (fig. S11B). This is
accompanied by a progressive reduction of the
lateral growth rate. As is well known from SAD
literature (28), a facet extends in size when its
growth velocity drops with respect to that of neigh-
boring facets. To a lesser extent, the same hap-
pens to inclined {113} and {111} facets.

Figure 3B shows how the growth is simu-
lated in a 2D model. We start from an initial
distribution of {110}, {111}, {113}, and {001}
facets, provided by SEM images at the early
stages of the deposition. The resulting surface
profile is partitioned into independent segments
of ~150 nm. Perpendicular growth in the time
step 8¢ is v - 8t, where v = - @ as defined above.
@ varies smoothly across a facet, mainly be-
cause of mutual tower shielding, but a larger
variation occurs at the vertex between different-
ly oriented facets (angle o and B for facet I and
11, respectively, in Fig. 3B). Here, the segments
are elongated up to their crossing point, in order
to simulate the active intrasegment diffusion. If
such a vertex (purple arrow in the bottom in-
set of Fig. 3B) stays within the green area as
growth proceeds, both facets expand evenly,
whereas one of them shrinks while the other ex-
pands if the vertex moves into a yellow area.
This geometric condition, expressed by the an-
gle 0 in Fig. 3B, depends on the growth velocity
ratio of the two adjacent segments. Therefore,
the incorporation factors for inclined facets can
be estimated by tracing the vertex evolution from
the experimental SEM profiles for a single iso-
lated pillar at different deposition stages (for
example, the dashed white lines in Fig. 3C). In
that case, @ is determined by the facet inclina-
tion only, because flux shielding is absent. The
incorporation factors for the inclined facets with
respect to o1 are found to be x 113 = 0.96, 111 =
0.89, and %119 = 0.78 (23).

We used these fitted 7y, values to calculate
the extended growth profiles in Fig. 3C (white
lines superimposed on colored experimental SEM
images) around an isolated pillar at different growth
stages. The overall agreement is very good, es-
pecially for coverage below 10 um.

By using the same 7, values, and by taking
into account the incoming flux shielding along
the facets produced by nearby Ge towers, we
simulated the shape evolution for a pattern with
Si pillars spaced 4 um apart. The excellent agree-
ment between the experimental SEM profiles (in
full color) and simulated (white lines) tower pro-
files (Fig. 3D and fig. S12) confirms the key role
of geometric shielding. The vertical growth of the
towers (see, for example, the SEM image in Fig.
2A) arises because the flux of activated gaseous
species toward the {110} facets drastically drops
when the spacing between towers shrinks below
some tens of nanometers (fig. S1).

The surface filling of closely spaced but iso-
lated towers is remarkably stable with respect to
changes of the pattern geometry and variations
in the deposition conditions. The surface mor-
phology of the Ge towers can, however, be mod-
ified by careful tuning of the kinetic conditions.
This becomes apparent from Fig. 4, A to C,

showing SEM images of the substantial changes
occurring with variations of 7. Although the
lowest TG of 415°C (Fig. 4A) guarantees Ge
towers with extended, flat (001) tops, progressive
faceting sets in with increasing 7, culminating
in full {113} pyramidal tops at 7 = 585°C
(Fig. 4C).

A
UNPATTERNED AREA

e -
g2
PATTERNED AREA

CRACKS

{

10 um  # "500 pum

Fig. 2. Crack inhibition in a Ge/Si(001) system. (A) SEM micrograph of 50-um-tall Ge towers, obtained by
self-limited lateral growth at 490°C on a patterned Si substrate with 8-um-tall and 2-um-wide pillars, spaced
by 4-um trenches. (B) Nomarski interference contrast micrographs of 27-um-tall Ge towers grown at 490°C
on patterned Si substrates. Crack propagation stops at the border between patterned and unpatterned areas.
The inset in the lower left corner is a top-view SEM micrograph of a few Ge towers.

Fig. 3. Modeling of self-limited Ge tower growth. (A) Isotropic (red arrows) and vertical (green arrows)
contributions to the incoming flux. Facet orientation and mutual shadowing among towers determine the
effective flux at each surface region. (B) Sketch of a simulated profile at an edge between two neigh-
boring facets, evolving in a time step &t. The facets are partitioned into segments, each one growing at
its own velocity. Edges (purple arrow) evolve according to the ratio between facet growth velocities, as
indicated in the inset, establishing a relation between geometric evolution and kinetic parameters. (C)
The experimental facet evolution (colored SEM image) of an isolated Ge crystal grown at 490°C is used to
fit the parameters of the model, yielding the profiles indicated by white lines at different growth stages.
The edges between {001} and {113}, and {113} and {111} facets are indicated by dashed lines. (D)
Simulated profile evolution (white lines) superimposed on experimental SEM images (full color) of Ge
towers grown at 490°C on a patterned substrate with 2-um-wide Si pillars, spaced by 4-um trenches. In
(O) and (D), the various colors correspond to different samples with different deposited thicknesses.
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In the growth model outlined above, giving
rise to simulated surface profiles in very good
agreement with those seen experimentally (Fig.
3D), v = % + @ does not depend explicitly on
temperature. The incorporation rate x of each
facet may, however, depend on 7, as certainly
does the surface diffusion between neighboring
facets. A small amount of unbalanced surface
flux can therefore result, provided that the facets
differ favorably in terms of surface energy or
adatom density. In order to estimate this effect,
the ratio vy13/vgo; of facet growth velocities was
calculated from the temperature variation of the
experimental profiles. The resulting ratios, dis-
played above the SEM images in Fig. 4, A to C,
may be seen to vary only between 0.92 and 0.86
from the lowest to the highest 7. This shows
that slight variations of the relative velocities may
cause drastic changes of the surface morphology.

Finally, we want to emphasize the key role of
the tower morphology in controlling the thread-
ing dislocation density. The 60° dislocations present

o

A T.= 415 °C, Vs /Viry = 0.92

in crystals with the zincblende and diamond struc-
tures (3, 6, 29) have threading arms gliding in
{111} planes and are directed along <110>. As
indicated in the schematic drawing of Fig. 4D
and in the cross-section transmission electron mi-
croscopy (TEM) images to its right, threading
dislocations that are not parallel to [001] are geo-
metrically expelled at the edges of 4-um-wide
and 8-um-tall towers. Similar observations have
been made in much smaller structures fabricated
by SAD into dielectric windows on flat, unpat-
terned substrate surfaces exhibiting sufficiently
large aspect ratios (13, 15). This method is there-
fore also known by the name aspect ratio trap-
ping (ART) (/5). In contrast to experiments on
ART, where the thickness of the dielectric and
the submicrometer pattern size govern the at-
tainable aspect ratio, this quantity may be tuned
by varying the tower height in our case. In flat-
top towers of the kind visible in the SEM im-
ages of Fig. 4A, additional dislocations may
be present, oriented approximately along [001].

T.= 440 °C

W) (001)

I,

threading

;"(jislocation

Fig. 4. Removal of threading dislocations by temperature-controlled faceting of the Ge towers. Shown
are SEM micrographs of the surface morphology of Ge crystals evolving with increasing Tg, with flat tops
at 415°C (), partly faceted tops at 515°C (B), and full pyramidal shape at 585°C (C). The correspond-
ing v113/voo1 velocity ratios derived from top-view and cross-sectional SEM micrographs vary from 0.92
to 0.86, as indicated. (D) (Left) Schematic drawing of growth dislocations trapped in Ge towers with
(001) top facets, and of inclined dislocations escaping to the side walls. (Center) Brightfield TEM cross-
section image acquired in the [220] Bragg condition with inclined dislocations only. (Right) Corresponding
TEM images with both kinds of dislocations, and an AFM micrograph taken after defect etching in an
iodine solution. Etch pits are indicated by black arrows. (E) Schematic drawing (left), darkfield STEM
images acquired along the [110] zone axis (middle), and AFM micrograph (right) for Ge crystals with
only (113) and (111) facets. All dislocations are expelled from the crystals in this case, as confirmed by

the absence of etch pits in the AFM image.
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Examples of these so-called growth dislocations
(14, 30, 31), remaining trapped along the entire
tower height, may be seen in the TEM images
in the lower right of Fig. 4D. Because cross-
section TEM is poorly suited for an analysis of
the threading dislocation density, we additional-
ly used the method of etch pit counting. Indeed,
an atomic force microscopy (AFM) analysis
performed after defect etching revealed evenly
distributed etch pits on the (001) top facets (up-
per right of Fig. 4D). Growth dislocations can
only be expelled by surface faceting during growth
(14), because they bend into directions perpen-
dicular to a facet (see the schematic in Fig. 4E).
This was shown to also be true for the submi-
crometer structures used in ART (/6). We have
demonstrated that the surface morphology of Ge
towers can be controlled by adjusting 7 (Fig.
4, A to C). In the fully faceted towers obtained
at higher 7g, the defects are indeed confined to
the bottom part, according to the TEM images
of Fig. 4E. The removal of threading disloca-
tions from faceted Ge towers is confirmed by
the absence of etch pits in AFM images such as
that shown on the upper right of Fig. 4E.

The patterning of single-crystalline substrates
into micrometer-sized features separated by deep
trenches, combined with epitaxial deposition at a
high rate, can lead to closely spaced crystals of
arbitrary height by a mechanism of self-limiting
lateral growth, thus mimicking the 3D growth
of bulk ingots on a micrometer scale. We have
shown for the Ge/Si(001) and SiGe/Si(001) sys-
tems that such a behavior is driven by geometric
shielding of the incoming particle flux, com-
bined with limited surface diffusion. Faceted Ge
and SiGe crystals are dislocation-free and com-
pletely relaxed, despite the large lattice and ther-
mal mismatch with the Si substrate. By avoiding
the formation of continuous layers, wafer bow-
ing and crack formation are inhibited. Although
we have provided the proof of concept only for
group IV semiconductors, we believe this new
mode of hetero-epitaxial crystal growth to be
applicable to most materials combinations used
for the fabrication of semiconductor devices. We
expect this to pave the way for many applica-
tions requiring thick hetero-epitaxial layers, such
as x-ray and particle detectors monolithically in-
tegrated onto CMOS substrates, and power
electronic devices or multijunction solar cells fab-
ricated on cheap Si wafers.
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A Change in the Geodynamics of
Continental Growth 3 Billion

Years Ago

Bruno Dhuime,™?* Chris . Hawkesworth,* Peter A. Cawood,* Craig D. Storey?

Models for the growth of continental crust rely on knowing the balance between the generation
of new crust and the reworking of old crust throughout Earth’s history. The oxygen isotopic
composition of zircons, for which uranium-lead and hafnium isotopic data provide age constraints,
is a key archive of crustal reworking. We identified systematic variations in hafnium and

oxygen isotopes in zircons of different ages that reveal the relative proportions of reworked crust
and of new crust through time. Growth of continental crust appears to have been a continuous
process, albeit at variable rates. A marked decrease in the rate of crustal growth at ~3 billion years
ago may be linked to the onset of subduction-driven plate tectonics.

he timing, rates, and the geodynamical

I conditions of continental crust generation,
destruction, and reworking remain a topic

of considerable debate (/—7). The variations in
radiogenic isotope ratios in detrital rocks and
minerals are a key archive of the continental
record (3—3, 8), and the rapid increase in the
numbers of U-Pb and Hf isotope analyses of
predominantly detrital zircons have provided
new constraints for models of crustal evolution
(4). Hf isotopes in U-Pb—dated zircons are com-
monly used to characterize the nature of the
source of the magma from which the zircon
crystallized and to determine the time since this
source separated from the upper mantle, com-
monly referred to as the model age of crust for-
mation (9-17). However, individual model ages
may not represent true periods of crust formation
(12) because the crustal material analyzed may
represent mixtures of older “reworked” and new
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juvenile material. Continental growth models
based simply on U-Pb and Hf isotopes in zircon
therefore have a large uncertainty over the pro-
portions of new continental crust generated in
different magmatic episodes, and hence over the
shape of the continental growth curve (4).
Combining stable isotopes, such as oxygen,
with the radiogenic isotopes of U-Pb and Lu-Hf
(6, 13) may reduce uncertainties surrounding the
proportion of new and reworked crust. “Mantle-
like” zircons, that is, zircons that crystallized from
mantle-derived magmas, have a narrow range of
"%0/'%0 (expressed as 8'%0 relative to Vienna stan-
dard mean ocean water), typically 5'%0 = 5.3 +
0.6%o (per mil) (2 SD) (/4). When their parent
magmas contain a contribution of sedimentary
material or source rocks altered by low- (or high-)
temperature hydrothermal activity, the 8'%0 in
zircons can range to higher (or lower) values
(15). In principle, periods of juvenile crust for-
mation should be characterized by zircons
with mantle-like §'®0 and similar radiogenic Hf
model ages (6). Conversely, periods dominated
by crustal reworking result in the generation of
“supracrustal” zircons, typically with elevated §'*0
values and varying Hf model ages (13, 15, 16).
To the extent that Hf isotope ratios of supracrustal
zircons represent mixtures, they will not record

true periods of crustal growth (6). There are
relatively few studies in which U-Pb and Hf
isotopes are combined with O isotopes in zircon
(6,7, 17, 18), and evaluating crustal growth mod-
els based on large data sets of zircons remains
difficult, especially when constraining the pro-
portions of new crust formation ages to those
that are arguably hybrid ages (4, 8, 19).

530 values are plotted as a function of Hf
model ages in 1376 detrital and inherited zircons
from Australia, Eurasia, North America, and South
America (Fig. 1A) (/7). These data are taken to
be representative of the Hf-O isotope record avail-
able for Earth's continental crust. Overall supra-
crustal zircons with Meso/Paleo-Proterozoic Hf
model ages show a greater range of 8'%0 values
than those with older or younger model ages, and
they are more abundant than mantle-like zircons.
The proportions of mantle-like zircons and supra-
crustal zircons in turn determines the relative pro-
portions of new crust formation ages and hybrid
model ages induced by crustal reworking pro-
cesses in the distribution of Hf model ages (Fig.
1B). The proportion of new crust formation ages
does not change substantially in the first billion
years of Earth’s history, with a median value
~73%. From ~3.2 billion years ago (Ga), the
proportion of new crust formation ages gradu-
ally decreases down to ~20% at ~2 Ga, and it
then increases to ~100% toward the present day
(Fig. 1B). Assuming that these observations char-
acterize the continental crust as a whole, this pa-
rameterization allows us to predict the proportion
of new crust and hybrid model ages throughout
Earth’s evolution and, hence, access the large U-Pb
and Hf isotope data sets that do not include 5'*0
data (4, 8, 19).

Young sediments typically contain zircons
with a wide range of ages, so they appear to
provide records that are more representative of
the magmatic history of the crust than zircons
in igneous rocks or in old sediments (5). A com-
pilation of 6972 analyses of detrital zircons with
deposition ages ranging from the late Paleozoic
to the present day (//) results in a distribution of
Hf model ages that does not simply reflect the
generation of new crust, because it still includes
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