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ARTICLE INFO ABSTRACT

Keywords: Transition metals (TM) that are lithographically patterned on surfaces of polycrystalline diamond offer a vehicle
Diamond for site selective removal of carbon. Here, we present a characterization of the trade-offs between spatial
Diffusion

selectivity, isotropy of material removal and etching rate as a function of the TM composition and heat treatment.
Fe, Co, Ni and FeCoB were studied for their ability to convert and transport C from diamond under heat treat-
ment. Following solvothermal removal of the reaction products, the surface topographies inherited by diamond
were characterized using atomic force microscopy. The structure of interaction zones between diamond and TM
were studied using electron microscopy and Raman spectroscopy. Ni layers remain stable during the heat
treatment to enable highly selective material removal. However, Fe, Co and FeCoB layers were fragmented and
transported by the reaction products, which led to loss of selectivity in material removal. The etching rate of
FeCoB shows a weaker dependency with diamond surface grain orientation. Combinatorial process designs
involving bilayers of Ni and FeCoB enable trade-offs in the etching rate and isotropy, including the ability to
control the side profiles of the etched features on diamond.

Transition metal
Surface structuring

1. Introduction

The hardness of diamond facilitates its use as a cutting tool material
in precision machining to create surface finishes with the nm-scale
roughness [1-3]. This is a tradition that dates to at least the first mil-
lennium BCE [4]. Complementing its mechanical properties, diamond is
also characterized by thermal stability [5], ultra-wide band gap [6,7],
chemical inertness [8], and high thermal conductivity [9]. These prop-
erty combinations unlock applications in power electronics [5,10,11],
optical elements [12], and information processing [13]. Structuring
diamond for engineered applications presents a challenge. Current ap-
proaches include reactive ion etching (RIE) [14,15], electron-beam-
induced etching (EBIE) [16], inductively coupled plasma reactive ion
etching (ICP-RIE) [17,18], laser machining [19], and focused ion beam
milling (FIB) [20]. Typically, these approaches involve significant cap-
ital expenditures and are characterized by low machining rates using
fluidic etchants, which place limitation on their applications. d-shell rich
transition metals (TM) interact with diamond under high temperature
(>800 °C), which can be harnessed as a subtractive manufacturing
process [21-25]. Compared with existing (fluidic) dry or wet etchants,
TM as solid state etchants present nascent advantages for etching
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diamond in terms of low cost and environmental safety [26]. The
frameworks explored here obviate expensive capital equipment, which
enables scalable production. Furthermore, TM etchants can be spatially
localized on the target diamond surface in both horizontal and vertical
mounting configuration with patterning that can approach nanoscale
feature sizes. The ability to localize the solid state etchant also enables
single-step hierarchical pattern fabrication by depositing multiple TM
(that provide different etching rates) with spatial selectivity on diamond
surfaces, which is desirable in fabricating devices with complex topo-
graphical architectures [7,10,11,27-30]. Often, the grain orientation
dependence of the (anisotropic) etching rate limits its application,
especially in polycrystalline diamond. Our previous work on selective
patterning of polycrystalline diamond using lithographically deposited
FeCoB [31] offers a microstructure-agnostic approach. However,
fundamental understanding of the causes for the distortion of the fea-
tures inherited from etching with TM remain to be elucidated.

Here, we explore a library of TM solid state etchants to define the
trade-space of material removal rate versus the spatial specificity of the
patterning inherited by diamond as a function of the process parameters.
This was explored as a function of the thermal heat treatment that leads
to the diffusion of C into the TM. The surface topography inherited by
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diamond was characterized following solvothermal removal of the re-
action products. The performance of Fe, Co, Ni and FeCoB was
compared. The diamond etching rate, its orientation dependent anisot-
ropy, spatial selectivity (distortion of the predefined profile and
roughness following etching) was characterized. These responses were
related to the structure of the interaction layer between diamond and the
TM following heat treatment. Electron microscopy (Scanning Electron
Microscopy; SEM and Transmission Electron Microscopy; TEM), atomic
force microscope (AFM), and Raman spectroscopy was brought to bear
on suitably prepared cross-sections of the interaction zone. Electron
backscattered diffraction (EBSD) in the SEM was utilized to characterize
the crystallographic texture. The underlying trade-offs between etching
performance and specificity was delineated within the context of the
structure and stability of the interaction zone. The composition of the
solid-state etchant emerged as the primary determinant of the structure-
property relationships. This characterization was also harnessed in hi-
erarchically structured solid-state etchants to realize orientation
agnostic, low distortion patterning of diamond. The understanding of
underlying TM/diamond interaction mechanism is valuable for the
design of diamond tools to increase their life in subtractive
manufacturing processes such as diamond turning [32-34]. This
approach is also a vehicle for modulating the side wall profiles of etched
surfaces (e.g., etching along angles, instead of creating vertical edge
profiles), which are useful for fabricating diamond-based quantum
photonic devices [35], and superhydrophobic surfaces [36].

2. Experiment
2.1. Materials

The diamond samples used in this work were chemical vapor depo-
sition (CVD) grown polycrystals manufactured by II-VI Infrared Co. The
orientations of diamond grains on the surface are randomly distributed
and no particularly preferred orientation or texture is observed (Fig. S1;
EBSD micrograph). All chemical reagents (acetone, sulfuric acid, nitric
acid) are of ACS certified grade. Transition metal sources used for thin
film deposition have purities better than 99.9 % and were purchased
from the Kurt J. Lesker Company. The Fe, Co, Ni sources for thin film
deposition were commercially available targets, while the FeCoB was a
premixed commercial target. The FeCoB, Co, and Ni thin films were
deposited using an electron beam evaporator (Plassys MEB550S) with a
deposition rate of 0.2 & 0.01 nm/s in vacuum (chamber pressure < 5 x
1077 mBar). Fe films were deposited via Physical Vapor Deposition
(PVD) sputtering system (Angstrom Engineering Sputtering System)
with a sputtering rate of 0.15 + 0.02 nm/s in vacuum (chamber pres-
sure<1 x 107 mBar). The thickness of the TM films can be controlled
with an accuracy of +3 nm.

2.2. Characterization

Surface topographies of diamond samples before and after each
treatment (deposition, annealing, and acid removal) were measured
using an AFM (Veeco Multimode V). Orientation Imaging Microscopy
(OIM) via EBSD was used to characterize the surface orientations of CVD
diamond. This was performed on a FEI Apreo SEM with an EDAX EBSD
camera. The chemical components of the interaction layer between
diamond and transition metal (Ni and FeCoB) after annealing were
characterized using energy-dispersive X-ray spectroscopy (EDAX) using
an SEM (FEI Apreo), TEM (JEOL JEM-2100F), and Raman (Renishaw
inVia). The electron transparent cross-sections for imaging the interac-
tion layer were prepared by focused ion beam milling (FIB, FEI Scios
DualBeam). The schematic of this process was shown in Fig. S2.

2.3. Selective patterning process

TM thin films were selectively deposited on polycrystalline diamond
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surface using photolithography and lift-off methods. The samples were
then annealed under 800 °C for 90 min in a vacuum furnace. Evacuation
was accomplished using a Pfeiffer Vacuum D-35614 Asslar TMH 071 P.
The residual pressure during annealing was 1 x 10~® mBar. Subse-
quently, the samples were solvothermally cleaned using a mixture
(H2S04:HNO3 = 3:1 at volume ratio) under 220 °C for 30 min in a high-
pressure reactor to remove all reaction products and metal residues.
Finally, the samples were ultrasonically cleaned by DI water and acetone
to remove acids and other containments.

3. Results and discussion

Four different solid etchants (Fe, Co, Ni, and FeCoB) were interacted
with diamond substates at elevated temperatures. Solvothermal removal
of the reaction products was used to reveal the etched topographies.
Fig. 1(a)-(d) show the top view of surface topographies created with Fe,
Co, Ni, and FeCoB alloy, respectively. We note the effect of the etching
depths and the roughness of the etched diamond surface. Under com-
parable heat treatment conditions, FeCoB presents higher diamond
removal (deeper etching) than pure Fe, Co, and Ni. However, the surface
roughness of the diamond substrate etched with FeCoB is larger than
that resulting from pure metals (Fe, Co, or Ni). Fig. 1(e)-(h) illustrate the
effect of the TM etchant on the specificity of the material removal as a
function of the composition. This was explored for creating 1 pm wide
grooves with Fe, Co, Ni, and FeCoB, respectively. Among these four
solid-state etchants, Ni etched diamond substrates with spatial selec-
tivity that replicated the lithographically deposited pattern. The other
systems show distortion at the edges of the profiles. We considered the
relationship between the etching depth and the roughness within the
etched region. For example, in Fig. S3, the roughness of the etched
samples with different etching depths was explored as a function of the
time of heat treatment with FeCoB. Fig. 1(i) illustrates the ratio of the
roughness in the etched area to the etching depth with a given TM
etchant. Ni shows the lowest ratio of roughness to etching depth, which
is reflective of its ability to create low roughness surfaces, while pre-
senting an etching depth that is much smaller than that with FeCoB. The
Ra/depth ratio of FeCoB is just above that for Ni. Interestingly, although
the Ra produced with Fe and Co are smaller than that for FeCoB, the
ratio of Ra/depth is significantly higher. This is because of their modest
etching rates in comparison to the other TM.

To understand the underlying mechanism of distortion in the etched
profiles, we characterized the interaction layer between diamond and
different transition metals. Fig. 2 (a)-(d) show the top views (SEM) of the
diamond/transition metal surfaces after annealing (800 °C 90 min).
Only nickel/diamond interaction layer maintained the original profile
(and linear edges) of the as-deposited metal film (Fig. S4) after
annealing. The interaction layers between diamond and Fe, Co, or FeCoB
lost the clear and sharp boundaries of the as-deposited film and spread
out laterally, beyond their prior confines. The dispersion of the reaction
products and the inability to localize the TM etchants reflects the dis-
torted edges in the AFM micrographs of etched diamond after the sol-
vothermal, chemical removal of the reaction products (Fig. 1). The
Raman spectroscopy results of the diamond sample as shown in Fig. S5
and our previous work [31] confirms the complete removal of the re-
action products.

The structure of the diffusional interaction layer was characterized
using TEM. Fig. 2 (e)-(h) shows TEM images of the cross sections of
diamond/TM interaction zone. The samples were prepared by focus ion
beam milling (FIB) as illustrated in Fig. S2. The imaging orientation in
the TEM using the bright field mode were perpendicular to the cross-
section of the diamond/TM interaction interface in the as-prepared
FIB samples. The bright field images of the diffusional interaction
zones show a matrix of low contrast regions within which islands of dark
contrast (marked with red arrows) are interspersed. Based on the EDS
scanning and Raman Spectroscopy results, as shown in Figs. S6 (d) and
S7 [31], the dark islands are TM rich while the low contrast regions are
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Fig. 1. Etching diamond via interaction with TM and removal of reaction products via solvothermal treatment. AFM micrographs of diamond after reaction pro-
duction removal, which indicate roughness and etching depths etched by (a) Fe, (b) Co, (c) Ni, and (d) FeCoB. The etched profiles inherited from the TM profiles
generated with (e) Fe, (f) Co, (g) Ni, and (h) FeCoB; (i) ratio of surface roughness to etching depth among different solid-state etchants.

sp? carbon. Among the various solid-state etchants, only Ni layer stayed
integral at diamond/diffusion layer boundary (i.e., retained its as-
deposited profile) after thermal interaction with diamond, as shown in
Fig. 2 (g). This is consistent with the observation in Fig. 2 (c). Fe, Co, and
FeCoB alloy phases were disrupted and relocated to the top of the sp?
carbon layer, as shown in Fig. 2 (e), (f), and (h). The TEM images and
selected area electron diffraction (SAED) results of the as-deposited Ni
layer (Fig. S8) show a nanocrystalline structure. As do other as-
deposited transition metal layers [31].

The diffusional interaction between diamond and transition metals
(Fe, Co, Ni, or FeCoB) are initiated when the temperature reaches
~800 °C. The mechanism of C removal is schematized in Fig. 3 (a)—
(b)—(e)—(f). The carbon atoms segregate at the transition metal (Fe, Co,
or FeCoB) grain boundaries, which accelerates its fragmentation. Car-
bon rich particles inhabit the TM layers in contact with the diamond and
carbon poor islands are distributed further away from the diamond/TM
interface. The diffusional interaction between diamond and Ni stands in
contrast to this behavior. The Ni layer remains predominantly intact
during the heat treatment process and continuously transforms diamond
into sp? carbon. The deposited Ni has a nanocrystalline structure, which
remains ultrafine after annealing, as shown in Fig. S6 (b) and (c). The

stability of Ni layer is attributed to its lower grain boundary energy that
prevents disruption of its structure from carbon segregation. Combined
with the etching distortion results shown in Fig. 1, it confirms the sta-
bility of TM layer during whole heat treatment process is the key to
ensuring site-selective material removal.

The effect of the orientation of diamond on the material removal is
an important factor that determines the ability to controllably pattern
surfaces using such diffusion interactions. In general, an etchant with
weaker anisotropy is preferable. We measured the etching depths on
diamond with different surface orientation annealed with 100 nm thick
transition metals under 800 °C for 90 min, the results are shown in
Fig. 4. Fe, Co, and Ni show strongly anisotropic etching on different
underlying diamond grain orientations. However, Ni shows a highly
site-selective material removal due to the stability of the Ni on the
diamond surface. Diamond orientation close to {111} has the lowest
etching rate while the orientation close to {101} has the highest etching
rate using Fe, Co, or Ni as etchants. FeCoB not only shows a much faster
etching rate than Fe, Co, and Ni at any orientations, but also has a
weaker diamond grain orientation dependency. However, FeCoB has a
related lower etching rate when the diamond orientation is close to
{001} or {101}, which is in contrast to that in Fe, Co, or Ni.
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Fig. 2. Structure of diamond/transition-metal interaction zone. SEM images of the top view of the interaction zone between diamond and 100 nm thick (a) Fe, (b)
Co, (c) Ni, (d) FeCoB films after 800 °C 90 min annealing; TEM images of the cross-section of the interaction zone between diamond and (e) Fe, (f) Co, (g) Ni, (h)

FeCoB films after 800 °C 90 min annealing.
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Fig. 3. Schematic of the diffusion-based removal of C from diamond substrates using TM. (a) — (b) - (¢) — (d) Ni, and (a) — (b) — (e) — (f) FeCoB, Co, or Fe.

The etching rate (carbon transport rate) is limited by three major
processes: i) the breaking of diamond back bonds, ii) the diffusion of
carbon in transition metals, and iii) the segregation of carbon at the
grain boundaries of bottom layer transition metals. The reaction rate of

breaking diamond back bonds (R;) is a characteristic Arrhenius equa-
tion: Ry = Ae % . E is the activation energy to break back-bonds of
diamond, T is temperature, A and k are constants. Diamond's grain
orientation is one of the major determinants of the activation energy E
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Fig. 4. Etching depths on diamond as a function of orientations using (a) Fe, (b) Co, (c) Ni, and (d) FeCoB as a result of heat treatment at 800 °C for 90 min. This was
followed by solvothermal etching to remove reaction products.

[24]. For Fe, Co, or Ni, the carbon removal process at {111} must occur
layer by layer. To remove atom B (shown in the Fig. 5), atom A must be | I

removed first. The activation energy of removing atom A from atom B A \ / \ _ FeCoB: ----
layer is much higher than that for removing carbon at either {110} or o Fe. Co

{100} plane. This limits the carbon removal rate (etching rate) among R H H 2 or’Ni:’ = ==
{111} plane [24]. FeCoB likely removes carbon at {111} planes in an = \ \

accelerated manner. Here, the disruption of the back bonds (atom B) can 'z ¢ \ \ ~ atom A: - ¢

proceed independent of those for the bonds of atom A. That is, the back H ” ” atomB: ©

bonds of atom B are broken while the back bonds of atom A are still
intact, as shown in the red dashes in Fig. 5. Since Fe or Co show similar . h

etching manner with Ni, this can occur due to a change in the FeCoB - / \* / SNy
lattice and its interaction with diamond due to boron [37,38], and the ‘ H

diffusion of boron into diamond [39]. These allow the back bonds of \

atom B to break prior to the disruption of those for atom A (due to the \ / \ /' /‘(’(: \ _
higher activation energy required to break those of A) [24]. The acti-

vation energy of breaking back bonds of atom B at {111} has lower the H ” \“

active energy of breaking back bonds at either {110} or {100} [40,41],
which makes FeCoB have an inverse etching rate/diamond grain
orientation in comparison to Fe, Co, or Ni. This can contribute to its
higher carbon removal efficiency. In addition, due to the faster rate of
breaking of back bonds by FeCoB (expected at orientations very close to Fig. 5. 2D projection of diamond lattice and the schematic of multiple path-
{110} or {100}), the etching rate will be limited by the rate of diffusion ways of bond breaking and carbon removal at {111} planes. This is an adap-
of carbon into the matrix (Ry) or the precipitation of carbon at the grain tation of the idea in Ref. [24].
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boundaries of bottom layer transition metals (R3). Ry and Rg are dia-
mond orientation independent. It is this disparity that makes FeCoB's
etching rate less sensitive to the diamond's microstructure, while that of
Fe, Co or Ni remains highly sensitive to it.

To combine the advantages of Ni (lower edge distortion) and FeCoB
(higher etching rate and weaker diamond orientation dependency), we
designed a hierarchical solid-state diamond etchant. Fig. 6 (a) shows the
schematic of the design of the Ni-FeCoB etchant. A 50 nm thick Ni film
was deposited on the masked diamond sample followed by the deposi-
tion of a 50 nm FeCoB film on top of Ni. Both materials are deposited
using e-beam evaporation. Fig. 6 (b) and (c) shows the AFM images of
Ni-FeCoB etched surface. The etching depth is 800 nm (higher than Fe,
Co, or Ni) while the etching distortion is milder than FeCoB. Fig. 6 (d)
shows the SEM top view image of the diamond/Ni + FeCoB interaction
zone after 800 °C 90 min annealing. The interaction zone remained
localized to its as-deposited shape on the diamond surface. This is due to
the stabilizing effect of Ni during the annealing. Meanwhile, this Ni-
FeCoB etchant inherits the accelerated etching due to FeCoB.

(a)
FeCoB

Diamond
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This approach was also adapted for etching diamond along a sloped
profile. The schematic of the material and process design are shown in
Fig. 7(a). A Ni layer was deposited on the top of diamond substrate by e-
beam evaporation at first, followed by selected area deposition of a
FeCoB film by lift-off process. After that, the sample was annealed at
650 °C to initiate boron's (FeCoB) diffusion into the Ni middle layer (Ni/
FeCoB does not react with diamond at this temperature [31]). Subse-
quently, the sample was annealed under 800 °C for 90 min, to induce the
interaction of diamond and transition metals. The concentration of
boron (from the FeCoB) in the Ni middle layer will follow a graded
diffusion driven profile as a function of the interdiffusion time and
temperature. Transport of B is particularly accelerated with its diffusion
coefficient in Ni of 2.6 x 10~ m?/s at 650 °C [42]. Boron's effect in
magnifying C removal would occur in a graded fashion, which will result
in regions of Ni in the vicinity of FeCoB islands showing a higher rate of
diamond etching in comparison to those further from the islands. Fig. 7
(b) and (c) the etching of diamond along a sloped (graded profile). The
thickness of Ni and FeCoB films are 100 nm and 80 nm, where the low

202.2 nm

-901.5 nm

Fig. 6. Diamond etching with a Ni-FeCoB hierarchical etchant. The samples were annealed under 800 °C for 90 min in vacuum. (a) Schematic of the Ni-FeCoB
etchant. b) AFM top view of the diamond sample etched by Ni-FeCoB etchants after solvothermal removal of reaction products. Etched area roughness and
etching depths are shown. c¢) Distortion of the edge of the patterns. (d) SEM images of the top view of the interaction zone between diamond and Ni-FeCoB before

solvothermal removal of the reaction products (50 nm Ni + 50 nm FeCoB).
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Fig. 7. Controlling the slope of the sidewalls of features created on diamond using a Ni-FeCoB hierarchical etchant. (a) Schematic of the Ni-FeCoB hierarchical
etchant. AFM images of the obliquely etched diamond using a 100 nm Ni middle layer and an 80 nm FeCoB top layer annealed at 650 °C for (b) 50 min and (c) 100
min followed by a high temperature annealed at 800 °C 90 min. AFM scans were performed after solvothermal removal of the reaction products.

temperature annealing is processed at 650 °C for 50 min (Fig. 7b) and
100 min (Fig. 7c). As can be seen, the angle between the sloped wall of
the etched area and diamond surface is 14.0° when the low temperature
annealing time is 50 min and decreased to 4.8° when the low temper-
ature annealing time increases to 100 min. This idea was also explored
using Fe and Co as the middle layer, with a FeCoB layer atop it (Fig. S9).
The observations here correspond to that in the Ni-FeCoB system, which
suggests a broader combinatorial motif for controlling the sidewall
profiles of features resulting from solid state etching of diamond with
TM.

4. Conclusions

The trade-space of etching rate vs. site specificity during etching of
diamond using lithographically patterned transition metals was out-
lined. The performance of Fe, Co, Ni and FeCoB was explored. The to-
pographies of diamond etched by different transition metals were
measured using AFM and the corresponding distortion were recorded.
The microstructure of the corresponding interaction zones was charac-
terized using TEM, SEM, EDS and Raman spectroscopy. We show that
the key factor determining the specificity of material removal is the
stability of the lithographically patterned transition metal layers
following heat treatment. Ni was distinguished by its ability to remain
localized without disruption of its structure. Thus, it catalyzed the
conversion of C from sp> to sp? state. However, the transport and

segregation of C in Fe, Co and FeCoB led to the disruption and dispersion
of the TM particulates, which led to loss of specificity in material
removal. The etched profiles deviated markedly from the lithographi-
cally patterned features. However, FeCoB stands out as an effective
etchant due to the role of B in catalyzing the C removal in a micro-
structurally agnostic fashion. Growing from these observations, hierar-
chical etchants were designed, where bilayers of Ni and FeCoB were
used to define gradients in material removal. Sloped etching profiles,
where the angle can be modulated through a choice of heat treatment
was demonstrated.
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