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Diamond anvils with diamond encapsulated thin-film microcircuits have been fabricated for
ultrahigh pressure electrical conductivity experiments. The diamond films were homoepitaxially
deposited onto the diamond anvil substrates with microwave plasma chemical vapor deposition
using a 2% methane in hydrogen gas mixture and a diamond substrate temperature of 1300 °C. The
diamond embedded thin-film microprobes remain functional to megabar pressures. We have applied
this technology to the study of the pressure-induced metallization of KI under pressures up to 1.8
Mbar. This technology has the potential of greatly advancing the pressure range of a number of
existing high-pressure diagnostic techniques, and for expanding the capabilities of diamond anvil
cells into new directions. €000 American Institute of PhysidsS0003-695000)00347-9

Ultrahigh pressure experiments utilizing diamond anvilpreviously by other experimentets? the encapsulation of
cells (DACs) have been instrumental in revealing new andsuch circuits in a layer of high-quality, synthetic diamond is
unexpected high-pressure phases and new physical phenom-development which greatly enhances their survivability.
ena under extreme compressions. A wide range of diagnostidigh-pressure experiments have shown that the shearing
probes have been utilized for studying the physical and strucstresses present in a DAC at megabar pressures can exceed
tural properties of materials under ultrahigh static pressured,0 GPa;' which can result in considerable plastic flow and
including x-ray diffractiont Raman spectroscopypptical ~damage of unprotected thin film circuits. Thus, diamond en-
absorption’ electrical conductivity;? magnetic ~ capsulation is crucial for ensuring circuit survivability at
susceptibility>* and nuclear magnetic resonarfid@ecently, multimegabar pressures. Diamond is ideally suited for this
electrical conductivity experiments have been performed tdurpose because of its extremely high compressive strength
megabar pressures using diamond anvil cells with alumin@nd very large shear modulus. Additionally, diamond has
insulating gaskets and thin foil platinum electrofe$How- been predicted to remain an electrical insulator to pressures
ever, continuing experimental difficulties related to the veryfar in excess of 5 Mbat>** Our work has been enabled by
small size of a DAC sample and its physical inaccessibility'®cent technological advances in homoepitaxial diamond
still limit the full utilization of many valuable diagnostic deposition with high growth raté€.By depositing the dia-
probes, including electrical conductivity, magnetic susceptimond film homoepitaxially onto the diamond anvil substrate,
bility, and nuclear magnetic resonan®MR), to pressures 2" extremely ;trong diamond fllm—tq—anvn bondils created,
significantly below the maximum attainable DAC pressure ofVith @n adhesion strength approaching that of single-crystal
approximately 5 million atn{5 Mbar or 500 GPa Here, we dlamqnd. F|gur.e 1 shows a 5|mpI|f|eq schgmatlc dlagrgm of
report on the development of a technology for fabricatinga designer anwl_as it would be used ina dlamond anvil cell.
diamond encapsulated thin-film metal microcircuits on a dia- For the Sta”'T‘g substrate_, we typlca_lly utilize a 1/‘3 carat
mond anvil substrate. These circuits remain functional unde?67 mg type-la diamond anvil with a polished culet oriented
multimegabar pressures, and overcome many diagnostic dif-
ficulties related to small DAC sample sizes and high shearing High Pressure Sample
stresses around the sample. We have applied this technolog |\ High Strength Gasket
to the study of the pressure-induced metallization of KI un-  standard ;
der pressures up to 1.8 Mbar. We anticipate that this tech- =™ A=
nology will have a significant impact on advancing the capa- ORI
bilities of a number of static high-pressure techniques which Diamond Anwil
would benefit from the ability to place customizable, y
diamond-embedded microcircuits in immediate proximity to E:-a%mtﬂ::r Lt
an ultrahigh pressure sample. R

While microlithographic fabrication of thin-film metal rig. 1. (colon Simplified schematic diagram of a designer anvil. Ultrahigh
circuits directly onto diamond anvils has been performedsample pressures are generated by forcing the two anvils together. The mag-
nified view shows the high-pressure region between the two anvils. The
designer anvil features a set of thin-film metal microprobes and a protective
dAuthor to whom correspondence should be addressed; electronic maithemical vapor deposited diamond layshown in orangeencasing the

weir3@linl.gov microprobes.
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in the (100) plane. A set of four thin-film metal microprobes Emerging microprobe
is then fabricated onto the anvil. This is accomplished by
first depositing a 2um layer of polymethyl methacrylate
photoresist onto the anvil, and then exposing the desired
mask pattern consisting of four 10m wide probes with the
mercury ultravioletg and h lines (\ =436 nm and\ =405

nm) of a lithographic projection aligner. After photoresist
exposure and development, the photoresist pattern is ex-
tended down the sides of the anvil, and a 7000 A layer of
tungsten is sputter deposited onto the anvil. Tungsten is an
aFtraCtlve Ch0|ce_ for the_ microprobes for several reasonszig 5 a high-magpnification picture of a completed designer anvil. This
First, as a carbide-forming metal, tungsten forms a venpicture of the center of a designer diamond anvil culet shows the metal
strong bond to the diamond anvil substrate. Second, sinowicroprobes emerging from beneath the synthetic diamond layer in order to
tungsten is a refractory metér,,.;=3410°0, it is capable  Make electrical contact with the sample.

of surviving the high substrate temperatures required for ep-

itaxial diamond deposition+1300°Q without melting or  shallow 7.5° bevels were added. The thickness of the dia-
diffusing into the surrounding diamond. Tungsten also has @nond film after polishing is typically 10—-2@m. Figure 2
relatively low coefficient of thermal expansidnvy=4.5  shows the central flat region of a completed anvil, illustrating
X107 °C™'@room temperaturéRT)], and so thermally in-  how the metal microprobes emerge from beneath the syn-
duced stresses between the tungsten film and the diamorgetic diamond film in order to make electrical contact with
substrate ¢pa=1.5<10 °°C*@RT) are minimized. Fi-  the sample.
nally, interfacial stresses induced by mismatched elastic con-  The ultrahigh pressure performance of our designer anvil
stants under high pressures are minimized because, like digras demonstrated by an electrical conductivity experiment
mond, tungsten has an extremely high bulk modUBs308  on the compound KI. Kl is an ionic solid crystallizing in the
GPa versus diamond'B=442 GPa and has no pressure- rock-salt(B1) structure, and is optically transparent at ambi-
induced structural phase transition to at least 4 MBa?. ent pressure with an electronic band gap of 6.0 eV. Under
After fabrication of the tungsten microprobes, a layer ofhigh pressures, KI undergoes a structural phase transition to
high-quality, epitaxial diamond was deposited onto the anvikhe cesium—chloridéB2) structure at 1.9 GP¥.By extrapo-
substrate by microwave plasma chemical vapor depositiomting optical absorption experiments examining the band-
using a 2% methane in hydrogen gas mixttf@he micro-  edge threshold energy to pressures of 70 GPa, it was pre-
wave magnetron source operates at a frequency of 2.45 Ghiicted that KI would metallize by means of an indirect band
and a power of about 1000-1100 W. Previous experimentgverlap transition at a pressure of approximately 115 &Pa.
have shown that this system is capable of growing homoepi-  In our experiment we used a designer anvil together with
taxial diamond onto a diamond anvil substrate at a substratg matching standard anvil. The culets of both anvils were
temperature of approximately 1300 °C and a chamber presypproximately 300um in diameter, and their central flats
sure of 90 Torr. Typical diamond film growth rates are aboutwere both about 7m in diameter. A bevel angle of 7.5°
15 um/h, and the final film thickness is normally 40—zf.  was used for both the designer anvil and the matching anvil.
The direct deposition of diamond onto metals is difficult, An alumina gasket was used, and a Kl sample was placed in
and metal substrates are usually seeded with diamond pové-sample chamber of about Z0n in diameter located at the
der or abraded ultrasonically to facilitate diamond nucle-center of the culet. The sample pressure was determined by
ation. For an unseeded tungsten surface, a long incubatianeans of energy-dispersive x-ray diffraction of the KI
time is required in order to first carburize the surface of thesample itself, using the isotherma@—V equation-of-state
tungsten film, and then subsequently nucleate diamond ont@0S of Asaumiet all® Their EOS data were taken up to
the tungsten carbide phase. In our case, the tungsten micrpressures of 70 GPa, so sample pressures above this were
probes were not seeded, and so the incubation times for didased on an extrapolation of their Birch—Murnaghan EOS
mond nucleation are expected to be lafgeveral hours  parameters.
Therefore, homoepitaxial diamond growth onto the sur-  Figure 3 shows a plot of pressure versus Kl sample re-
rounding diamond substrate appears to be the predominasgistance obtained with the designer anvil experiment. Resis-
growth mechanism. The success of our microprobe encapstance was measured using a dc two-probe technique with a
lation technique is based on the high growth rate of the hoeurrent of 100uA. The resistance of the microprobes them-
moepitaxial diamond film, which bridges over and com-selves was 110), and so this value was subtracted from the
pletely encases the tungsten microprobes. The high quality abtal probe-to-probe resistance to obtain the sample resis-
the diamond film, evident from its high transparency, wastance. For pressures below 90 GPa, the resistance was un-
confirmed by photoluminescence and micro-Raman spectrosneasurably large, but above this pressure the resistance was
copy which revealed that the film consists largely ofobserved to drop rapidly with increasing pressure, as ex-
sp’-bonded diamond, although small amounts ofpected for conduction by thermally activated charge carriers
sp?-bonded carbon are also present, particularly in the vicinacross a decreasing band gap. With further increases in pres-
ity of the microprobes. sure, the resistance eventually saturates to an approximately
To prepare the diamond anvil for a high-pressure expericonstant value for pressures above 140 GPa. From the pres-

ment, the diamond film was polished to a smooth finish andure dependence of the resistance and the intersection of the
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. KI ery of much more science on materials subjected to extreme
10 pressures in diamond anvil cells.
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