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Surface Analysis of Polycrystalline CVD- Diamond after Static
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This paper presents a comprehensive surface analysis of polycrystalline CVD-diamond after static thermochemical

treatment (TCT). The study focuses on subtle changes in the morphology and surface roughness of the diamond

before and after TCT. Optical, atomic force, and scanning electron microscopy methods were used to conduct

the analysis, allowing for detailed characterization of both macroscopic and microscopic changes. The results

show a reduction in surface roughness parameters, significant changes in surface relief and textures, indicating the

effectiveness of TCT for such a complex material as polycrystalline diamond.
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Introduction

Polycrystalline diamond (PCD) is a material with a

very promising combination of physical properties, size

(diameter and thickness of wafers for use at existing

industrial facilities), and cost. It finds application in

semiconductor device structures, optical components, and

heat-dissipating and wear-resistant coatings [1–7]. The

required processing and polishing of large-diameter (up
to 100mm) PCD wafers, which are produced by the CVD

method in order to improve the surface quality, become an

important stage of their preparation for efficient application

as heat sinks. The subsequent fine polishing process is

also very important, since it reduces the surface roughness,

which, in turn, affects the thermal contact resistance when

a heat sink is mounted on electronic devices [8–10].
Although thermal conductivity is crucial for heat sinks,

the anisotropy of thermal conductivity of PCD is also

important. This anisotropy of thermal properties further

highlights the importance of understanding and optimizing

the microstructure in preparation of these materials for use

in thermal management systems [10].

Standard mechanical grinding/polishing of PCD often

results in surface damage and contamination; the material

removal rate is low (0.1−0.5µm/h), and a surface micror-

oughness of about 40 nm may be achieved [11–13]. Final

smoothing methods, such as a novel technique for polishing

by ultraviolet (UV) irradiation that provides a surface

roughness of 0.2 nm at a higher material removal rate [14],
are also available. The use of fixed abrasive tools with

mechanochemical diamond grains for grinding and polishing

of PCD allows one to produce mirror surfaces (through
to 40 nm), especially when such processing is performed

with the use of SiO2 at high temperatures [15].
”
Dry“

polishing, which relies on such thermochemical reactions as

graphitization and oxidation, has also been attempted (the
resulting roughness was 40−60 nm) [16]. The efficiency of

a method combining diffusion treatment and milling with a

free abrasive has been demonstrated in [17]. Other methods

include the use of various polishing pastes and disks [18].
Laser processing has also been proposed: a low-energy fiber

laser enhances hardness and maintains surface roughness by

inducing plastic deformation of grains and altering the area

of intercrystalline interfaces [19,20]. Various PCD process-

ing methods are available, each with its own advantages.

A specific technique is chosen based on the initial surface

roughness parameters, surface finish requirements, and the

nature of the PCD- material being processed. Methods are

combined, improved, and used conjointly when necessary.

Thermochemical treatment (TCT) is one of the promising

methods for processing polycrystalline CVD- diamond. This

method is aimed at improving the mechanical properties
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of the diamond surface by eliminating internal stresses and

defects [21]. It has been first applied to CVD- diamond

films in the early 1990s [22]. The process involves pressing

diamond against a catalytic metal (such as iron, nickel,

manganese, or molybdenum) plate heated to 730−900◦C.

A diamond sample may either remain static or move relative

to the plate (at low velocities and pressure). At high

temperatures, the metal in contact with diamond acts as

a catalyst, lowering the activation energy for conversion of

diamond into non-diamond carbon. Non-diamond carbon is

then removed from the diamond surface by diffusion into the

metal plate. The conversion, diffusion, and polishing rates

increase exponentially with temperature, contact pressure,

and transverse vibration amplitude [23]. The process is

inefficient at low temperatures, while high temperatures

may lead to etching and pitting (especially when oxygen

is present) [24]. TCT at 1000−1100◦C made it possible

to achieve a roughness of about 0.8µm at a grinding rate

varying from 20 µm/h to 3mm/h [25]. Thermal etching,

wherein iron is substituted with elements with a higher

carbon solubility [26], is a special type of TCT and polishing.

At a temperature of 900◦C in argon atmosphere, carbon

diffuses into manganese powder, foil, or patterned thin

film that are in contact with the diamond surface. The

choice of metal is of key importance in this case. For

example, pure Ce used at a temperature of 700◦C provides

a very high material removal rate (more than 25 µm/h),
but the resulting average surface roughness remains at the

micrometer level [27,28].

One research group has performed a dry PCD grinding

test using a PCD- disc as a grinding tool. It was found

that thermochemical reactions may affect the roughness of

the ground face: an increase in electronegativity resulted in

a rougher surface due to weakening of covalent bonds in

diamond [29]. However, more detailed data on the initial

crystallite sizes and roughness values after grinding have

not been provided. Another research group has presented

a technology for processing diamond substrates with the

use of an iron plate and a hydrogen peroxide solution

(H2O2). This method utilizes hydroxyl radicals (IOH-
radicals) formed as a result of decomposition of H2O2

on the surface of iron to produce an atomically smooth

diamond surface [30]. A method of thermochemical post-

processing aimed at improving the mechanical properties

of mechanically polished diamond crystals is also known. It

allows one to eliminate internal stresses and defects induced

by mechanical actions in the damaged surface layer of the

material [31]. In addition, the quality of PCD- structures,

which depends on the concentration of defects (such as

grain boundaries and impurities), is a key factor governing

the efficiency and outcome of grinding [31–36].

In the present study, the surface morphology of three

CVD PCD samples ∼ 5× 5mm in size was examined with

an atomic force microscope (AFM) before and after static

TCT. The aim was to characterize in detail the quality of the

original and processed surfaces. The selection of optimum

parameters of surface roughness of heat-dissipating PCD-

elements and their processing is a relevant applied problem.

1. Objects and methods of study

Three samples of polycrystalline CVD- diamond (typical
of the production of heat-dissipating elements of semicon-

ductor device assemblies) provided by JSC
”
Scientific Pro-

duction Enterprise
”
Istok“ Named After A.I. Shokin,“ which

serve as illustrative examples, were studied. Sample No. 2 is

an example of the surface of an untreated polycrystalline di-

amond wafer (sample dimensions: 3.31× 3.78× 0.21mm).
Samples Nos. 1 and 3, which are illustrative of the

technological process of batch production of heat-dissipating

elements of semiconductor device assemblies, were made

from a single CVD- PCD wafer and subjected to TCT in

use at JSC
”
Scientific Production Enterprise

”
Istok“ Named

After A.I. Shokin.“ The dimensions of samples Nos. 1 and 3

are 9.57× 5.25 × 0.19 and 3.05 × 3.49× 0.10mm, re-

spectively. Static TCT was carried out in a hydrogen furnace

at a temperature around 1100◦C on a nickel plate of surface

finish grade 9. This processing method allows one to obtain

a surface roughness of polycrystalline CVD- diamond of less

than 1µm; the material removal rate is 30−50 µm/h [37].
This TCT type is a variation of grinding (i.e., a rough surface

preparation procedure). In addition to reducing surface

roughness, it provides significant leveling of the surface

of polycrystalline diamond samples. The samples were

imaged with a Leica M205 C stereomicroscope. A Quanta

200 3D multifunctional scanning electron microscope with

an integrated focused ion beam system was used to perform

an in-depth study of the surface features of polycrystals.

The structural features of the sample surface were examined

using an atomic force microscope (INTEGRA-AURA probe

nanolaboratory). These experiments were conducted at the

Centre for Microscopy and Microanalysis (St. Petersburg

State University).

2. Results

2.1. Polycrystalline diamond prior to TCT

The morphology of CVD PCD prior to TCT (sample

No. 2) is represented by a complex aggregate consisting

of octahedral habit crystallites up to 0.05mm in size

(Fig. 1, a). The distribution of crystallites on the surface

of the sample is non-uniform: a small depression of an

isometric shape is present at the center of the wafer. Parallel

elongated zones of elevated crystallites are also seen. Larger

octahedral crystallites (up to 0.1mm in size), which form

a small step, are found along the periphery of the wafer

(Fig. 1, b).
Backscattered electron images make it clear that the

crystallites of sample No. 2 have a sharp-edged octahedral

habit and are 10−50 µm in size. Parallel elevated elongated

zones are distinguished most clearly (Fig. 2, a). The relief is

Technical Physics, 2025, Vol. 70, No. 3
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1 mm 0.2 mm

a b

Figure 1. Optical microscopic images of PCD prior to TCT: a — overall view of sample No. 2; b — enlarged corner fragment of a

section of sample No 2.

a b

c d

10 µm50 µm

500 µm 500 µm

Figure 2. Backscattered electron images of CVD PCD prior to TCT: a — fragment of the central region of sample No. 2, b —
enlarged fragment of the edge of sample No. 2, c — enlarged fragment of the central region of sample No. 2, and d — lamellar-stepped

concentric-zonal structure of the octahedral crystallite face of sample No 2.

Technical Physics, 2025, Vol. 70, No. 3
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Figure 3. AFM images of CVD PCD prior to TCT: a — 3D-image of octahedral crystallites from the central region of sample No. 2;

b — 3D-image of the lamellar-stepped concentric-zonal structure of the octahedral crystallite face of sample No 2; c — 3D-image of a

fragment of the octahedral crystallite face; d — longitudinal profile of region b.

elevated on the edges of the wafer (Fig. 2, b); at the ends of

the sample, the crystallites are significantly smaller (down

to 10µm). Twin fragments (penetration twins) are revealed

under high magnification (Figs. 2, c, d). The octahedral

faces of crystallites have a lamellar-stepped concentric-zonal

structure (Figs. 2, c, d).

AFM studies demonstrated that the height of octahedral

CVD PCD crystallites reaches 6 µm (Fig. 3, a) prior to TCT,

and they have a pronounced lamellar-stepped structure. A

distinct concentric-zonal layering of lamellae was revealed

under higher magnification (Fig. 3, b). The height difference

between the steps is 0.1−0.3 µm. The steps themselves are

inclined to the horizontal plane (Figs. 3, c, d). The ends

of steps are also inclined to the vertical plane (Figs. 3, c, d).
Surface roughness Ra of this sample within a 100 × 100 µm

region is ∼ 2µm; in certain regions, it reaches 20µm.

2.2. Polycrystalline diamond after TCT

Optical microscope images of samples Nos. 1 and 3 of

polycrystalline diamond after TCT are shown in Fig. 4. They

are characterized by a macroscopically smooth surface with

mild striation and texturing (Figs. 4, b, d). A rough surface

and small round pits (in certain regions) were revealed

under high magnifications (Figs. 4, b). A slight inclination

of the plane of sample No. 3, which is especially noticeable

in the central part of the wafer, was observed after TCT.

Examined with a scanning electron microscope, samples

Nos. 1 and 3 subjected to TCT revealed clearly defined

parallel striations (Figs. 5, a, b). Their surface relief is

heterogeneous: it features small hillocks and pits, as well as

zones with a cellular structure. Octahedral crystallites were

not observed. Under high magnifications, the microporous

structure of PCD after TCT (Fig. 5, c) and small round

smoothed hillocks (Fig. 5, d) are discernible.

Atomic force microscopy studies revealed that round

hillocks, which occasionally reach a height of 4µm, are

the dominant feature of surface relief (Fig. 6, a). Large

hillocks of the micro-rough surface (Fig. 6, b) are formed

from a large number of smaller hillocks (Figs. 6, c, d). The
differences in height between large hillocks are 1−2µm.

Surface roughness Ra is close to 500 nm; this value is

reproduced in different regions.

3. Discussion

The results of optical, electron, and atomic force mi-

croscopy studies revealed that the examined CVD PCD

16 Technical Physics, 2025, Vol. 70, No. 3



562 International Conference
”
Nanocarbon and Diamond“ (N&D’2024)

1 mm

0.2 mm

a

b

0.5 mm

2 mm

c

d

Figure 4. Optical microscope images of CVD PCD after TCT: a — overall view of sample No. 1; b — enlarged fragment of sample

No. 1; c — overall view of sample No.. 3; d — enlarged fragment of sample No.. 3.

Summary results of the study of surface roughness and maximum height differences

No. Region
Region Surface Maximum

size,µm roughness Ra, nm height difference, µm

2

1 100× 100 627.3 5.0

2 100× 100 1251.9 5.0

3 50× 50 682.1 4.0

4 20× 20 338.9 3.0

5 20× 20 148.0 2.3

1

1 100× 100 418.5 2.5

2 100× 100 450.4 2.5

3 50× 50 426.1 2.5

4 20× 20 338.4 2.0

5 5× 5 170.1 0.9

3

1 100× 100 595.4 2.5

2 100× 100 187.4 2.0

3 50× 50 585.6 2.0

4 20× 20 216.0 1.4

samples used as heat-dissipating elements consist of octa-

hedral crystallites with a stepped structure of faces, are

characterized by the presence of penetration twins, and

have a surface roughness of 600−2000 nm prior to TCT.

Technical Physics, 2025, Vol. 70, No. 3
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c

Figure 5. Backscattered electron images of CVD PCD after TCT: a, b — fragments of the central regions of samples No.s. 1 and 3,

respectively; c — enlarged fragment of the central region of sample No. 1 with a cellular structure; d — enlarged fragment of the central

region of sample No. 3 with hillocks and depressions.

The samples after TCT have a roughness of 170−600 nm;

octahedral crystallites are rounded completely over the

entire surface and are transformed into smoothed round

hillocks. The maximum height difference was 2.3−5.0 µm

for sample No. 2 (prior to TCT) and 0.9−2.5 µm for the

samples after TCT. The results of examination of surface

roughness and maximum height differences are presented in

the table.

The static TCT method allows one to reduce the rough-

ness of a complex surface of polycrystalline diamond that

is virtually impervious to standard mechanical processing.

However, the results of optical and electron microscopy

are indicative of certain non-uniformity of processing: the

surfaces of CVD PCD samples after TCT are characterized

by the presence of hillocks and depressions, zones with a

cellular structure, and pores, and parallel striation is clearly

visible. The surface roughness differs from one region of

the sample to another, but does so within the established

limits.

Thus, it was demonstrated clearly that the methods of

optical, atomic force, and scanning electron microscopy

provide an opportunity to characterize PCD surfaces of

different quality and identify their defects within a wide

range of magnitudes. Static TCT is a promising method

for reducing the surface roughness of PCD. The procedure

of TCT of large PCDs (d ≥ 100mm) requires further

improvement, and a subsequent stage of thermochemical

polishing needs to be introduced in order to reduce the

level of surface roughness of heat-dissipating elements to

tens of nanometers (with surface inspection by the methods

used in the present study). The mechanism of PCD- surface

smoothing is the transformation/dissolution of sharp-edged

octahedral crystallites into round hillocky surfaces that, in

turn, are formed by smaller hillocks.

16∗ Technical Physics, 2025, Vol. 70, No. 3
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Figure 6. Atomic force microscope images of CVD PCD after TCT: a — 3D-image of sample No. 3 with its surface formed by round

hillocks; b — longitudinal profile of the region in panel a; c, d — 3D-images of the surface of a large round hillock.
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