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Abstract

Objectives. When designing production equipment for the implementation of metal film deposition processes, the
selection of technological sources for providing the required quality (structure, appearance), maximum process
efficiency, and productivity, poses a challenging task. Since laboratory results often differ from issues faced
in production processes, this choice becomes even more difficult under real production conditions due to a lack
of sources for comparison. The purpose of the present work is therefore to compare magnetron deposition methods
under real industrial conditions (planar extended magnetron, liquid-phase magnetron and cylindrical magnetron
with a rotating cathode), identify their advantages and disadvantages along with features of thus-formed metal films,
analyze the economic feasibility of each variant, and give practical recommendations for selecting a source when
implementing the described process.

Methods. Films were deposited using magnetron sputtering system. Roughness was measured using
a MarSurf PS1 profilometer. The structure of the films was studied using a Hitachi SU1510 scanning electron
microscope. Film thicknesses were measured by X-ray fluorescence analysis using a Fisherscope X-RAY XDV-SDD
measuring instrument.

Results. Sources of magnetron sputtering for the high-rate deposition of metallization layers under industrial
conditions are considered. Obtained samples were compared according to the following criteria: deposition rate
while maintaining the required quality, surface defects, film grain size, roughness, uniformity of the deposited layer,
deposition efficiency (the ratio of the metal deposited directly onto the substrate to the amount of metal produced
during the process). A comparison of the characteristics showed that the deposition rate for the liquid-phase
magnetron is commensurate with the similar parameter for the cylindrical magnetron, exceeding the rate for the
classical planar magnetron by about 4 times while maintaining the uniform appearance of the samples. The samples
deposited with a liquid-phase magnetron had the highest roughness and the largest grain size. Although the cheapest
method, liquid-phase magnetron sputtering achieved the lowest sputtering efficiency.

Conclusions. The choice of the deposition method depends on the problem to be solved. The rotatable magnetron
system can be considered optimal in terms of cost, deposition rate, and quality of the deposited layers. Liquid-phase
magnetron sputtering is recommended for low-cost high-speed deposition where there are no strict requirements
for appearance, or in case of operation of small-sized equipment.

Keywords: magnetron, liquid phase magnetron, planar magnetron, rotatable magnetron, metal film deposition,
deposition efficiency, productive methods, deposition rate, choice of deposition method
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Peslome

LUenu. lMpy npoekTMpoBaHMM MPON3BOACTBEHHOrO OOOPYAOBaHUS OAs peanvM3auun MpoLecCOB OCaXAeHUs
MeTa/IMYECKMX MIIEHOK aKTyaNbHOW 3aaayein ABAseTcs BbIOOP TEXHONOMMYECKUX MCTOYHWUKOB, KOTOPbIE AOJX-
Hbl ob6ecneymBaTb TpebyemMoe Ka4yeCTBO (CTPYKTYPY, BHELLUHUIA BUA), MakCuManbHble 3ddEKTUBHOCTbL npouecca
1 NPON3BOANTENBHOCTb. OAHAKO B peasbHbIX MPON3BOACTBEHHBIX YCIIOBUAX CAENATb 3TOT BbIOOP CIIOXHO B CBA3U
C HEAOCTATOYHOCTbIO CPABHUTENbHbIX MAaTEPMAIOB MCTOYHUKOB. JTabopaTopHbie pe3ynbTaThl HEPEAKO OTINYHAOTCSA
OT pe3dynbTaToOB Ha NPOU3BOACTBE. Llenb paboTbl — CPaBHUTL METOAbLI MAarHETPOHHOIO OCaXAEHWS B peasibHbIX MPO-
MBbILLJIEHHBIX YCI0BUSAX (MJIAHAPHOM MPOTSXEHHOM MarHeTpOHe, XUAKO(pa3HOM MarHeTPOHe U LUMINHOPUYECKOM
MarHeTpoHe C BPALLAIOLLMMCH KaTOA0M), BbIIBUTb MX MPENMYLLLECTBA, HEAOCTATKM 1 0COOEHHOCTU GOPMUPOBAHMS
MEeTaNIMYECKMX NIEHOK, MPOaHANN3NPOBATh SKOHOMUYECKYIO LLeN1eco0bpa3HOCTb BbIGOpa KaXa0ro U3 HUX 1 Aatb
npakTuyeckmne pekomMeHaaLmm Bbibopa NCTOUHMKA NPy peanusaummn TpebyemMoro npoLiecca.

MeToabl. [1na ocaxaeHns nAeHOK NPUMEHEHbl MeTOAbl MOHHOMO PacrblleHUss B MarHETPOHHbIX cuctemax. Ms-
MepEeHMe LIepOXOBaTOCTM NPOBOAMIIOCH C MOMOLLbI0 Npodunometpa MarSurf PS1. CTpykTypa nneHok nayvyanach
C MOMOLLIbIO PaCTPOBOro 3/1EKTPOHHOro Mukpockona Hitachi SU1510. TonwuHbl NAeHOK M3MepssiMcb MeToa0M
PEHTreHO-(hNYOPUCLIEHTHOIO aHanmMaa ¢ NoMoLLbto npubopa Fisherscope X-RAY XDV-SDD.

Pe3ynbTaTbl. PACCMOTPEHLI MICTOYHMKM MArHETPOHHOIO PacnbIIEHNS A1 CKOPOCTHOIO OCaXAeHUS CII0EB MeTal-
mM3aunm B NPOMBILLIEHHBIX YCNOBUSAX. [MpOBEAEHO CpaBHEHME MOJyHEHHbIX 0OPA3LLOB MO KPUTEPUSM: CKOPOCTb
OCaXOEHUNS C COXpaHeHMeM TpebyemMoro Ka4yecTBa, NMOBEPXHOCTHbIE AedEKThl, pa3sMep 3epHa MIEHKU, LWEepPOoxXo-
BaTOCTb, PABHOMEPHOCTb OCaXAEHHOIO CNoHA, 9PPEKTUBHOCTb OCaXAeHUS (OTHOLWEHME MeTana, OCaXAEHHOro
HEeNoCpeaCTBEHHO HA NMOANIOXKY, K KONMYECTBY BbipabOTAHHOIO MeTasna BO BpeMs npouecca). CpaBHeHWe xapak-
TEPUCTUK MoKasasno, 4TO CKOPOCTb OCaXAEHNSA ANS XNAKO(PA3HOro MarHeTpoHa com3amMeprmMa C aHanornm4HbIM na-
pamMeTpoM Ans UMINHLPUYECKOrO MarHeTpoHa 1 NPEBOCXOAMT NPUMEPHO B 4 pada CKOPOCTb AJ19 K/1IaCCUYECKOro
njaaHapHOro MarHeTPOHAa NPU COXPaHEHNN eQVMHOro BHELLHEro Buaa o6pasuos. Camor BbICOKON LLEePOX0BATOCThLIO
1 CaMbIM KPYMHbIM pa3aMepoM 3epHa ob6nafatoT o6pasLibl, 0OCaXAEHHbIE XNAKODa3HbIM MarHeTPOHOM. CamMoi HU3-
KO 9D PEKTUBHOCTLIO pacnbiieHns 00nafaeT MeTon, XuakodaszHoro MarHETPOHHOIO pacrbIEHNs, KOTOPbI ABAS-
€TCH CaMbIM [eLleBbIM.
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BbiBOAbI. Bbl60p MeTo4a OCaxAeHUs 3aBUCUT OT peLlaemMor 3agadu. OnTuManbHbIM MO CTOMMOCTH, CKOpOCTH
ocaxaeHna n Ka4ecTBy oCaXXaaeMblX CNoeB MOXHO CHMTaTb MarHETpPoOH C UMAnHOpn4eCckKnMM Bpallalolmnmca Ka-
TOAOM. XKnaokodasHoe MarHeTPOHHOE pachblfieHNe PEKOMEHA0BAHO MCMNOb30BaTh A1 OELLIEBOr0 CKOPOCTHOMO
ocaxaeHud, Npn KOTOPOM HET XeCTKNX Tpe6OBaHI/II7I K BHELWWHeMY Buay, Uan B ciiydae skcniayatauumm Manora6ap|/|T—

HOro o6opynoBaHUs.

Kniouesble cnoBa: MarHeTpoOH, XnakodasHbli MarHeTPOH, NIaHapPHbIM MarHeTPOH, LMINHAPUYECKUA MarHeTPOH,
ocaxaeHne MeTalyINYEeCKMX NNEeHOK, 3PDOEKTUBHOCTb OCAXKOEHUS, MPOU3BOLANTENbHbIE METOLbI, CKOPOCTb OCaXAEHWS,

BbIOOP MEeTo4a OCaXaeHns

e MocTtynuna: 07.02.2022 ¢ fopa6oTaHa: 07.07.2022 ¢ MpuHaATa kK ony6nukoBaHuio: 22.08.2022

Ans umtuposaHua: HazapeHko M.B. AHann3 UCTOYHMKOB MarHETPOHHOIO pacrbUleHUs A9 OCaXOeHUs TONCTbIX C/0-
€B MeAN C BbICOKOW CKOPOCTbIO O/ U3AENUIA MUKPOINEKTPOHUkU. Russ. Technol. J. 2022;10(5):92-99. https://doi.

org/10.32362/2500-316X-2022-10-5-92-99

Mpo3payHocTb pUHAHCOBON AeATeNIbHOCTU: ABTOP HE MMEET GUHAHCOBOWM 3aMHTEPECOBAHHOCTN B NPEACTaBNEH-

HbIX MaTepuanax nin Metoaax.

ABTOp 3asBnseT 06 OTCYTCTBUN KOHMINKTA UHTEPECOB.

INTRODUCTION

In the rapidly developing field of microelectronics,
there are constantly increasing requirements for devices
whose integral part comprises boards on a ceramic base
having a conductive copper layer. Copper conductive
layers on ceramic substrates are used in devices such as
switching boards, thermoelectric modules, power diodes,
power transistors, and integrated circuits [1-6]. In terms
of their dimensions, appearance, productivity, and cost,
the increasing requirements for the quality and reliability
of products in turn affects the materials and technological
processes used in the manufacture of individual product
elements. This leads among other things to the need to
find more productive methods for the deposition of
metallization coatings (copper, aluminum, titanium, etc.)
as compared with traditional approaches.

However, the choice of the optimal method is
difficult due to a lack of literature data providing
such comparison criteria as surface roughness, grain
size, surface structure, deposition rate, and cost of the
deposited layer.

The purpose of the present work is therefore to
analyze the methods of deposition of conductive layers
according to the above indicated criteria on the example
of copper layers.

DEPOSITION RATE

To date, the magnetron sputtering methods combining
the highest deposition rates with a satisfactory quality of
deposited coatings include:

e ion sputtering in magnetron systems with a
liquid target (liquid-phase magnetron sputtering,
LPMS) [6-9] (Fig. 1a);

e with an extended planar target [10] (Fig. 1b);

e with a cylindrical rotating target [11, 12] (Fig. 1c).

A high-quality coating is understood as one that
minimizes the number of surface defects (droplet phase,
various inclusions, craters) and internal defects (pores),
but at the same time provides sufficient adhesion to
ensure the performance of the product.

As a comparison, Table 1 shows the values of the
deposition rate by the methods described. Presented
data are obtained experimentally. The distance from
the magnetron surface to the substrates is 100 mm.
Aluminum nitride (AIN) with roughness Ra = 10 nm
was used as substrates.

(c)

Fig. 1. View of magnetrons for technological
applications: (a) liquid-phase magnetron,
(b) planar magnetron, (c) cylindrical magnetron
with a rotating cathode [7]

As compared with a cylindrical magnetron with
a rotating target, it is impossible to achieve the same
specific power at the cathode of an extended planar
magnetron while maintaining the required quality of
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Table 1. Comparison of the maximum deposition rates achieved on a fixed substrate

Y With liquid target With extended planar target | With cylindrical rotating target
e P &8y (crucible 286 mm) (108 x 440 mm) (450 x @152 mm)
Deposition rate 40 pm/min 10 pm/min 41 pm/min

Table 2. Comparison of surface roughness

Magnetron sputtering system

Sample number With liquid target With extended planar target With cylindrical rotating target
(crucible @86 mm) (108 x 440 mm) (450 x F152 mm)
1 68 31 51
2 70 28 44
3 98 26 51
4 89 29 42
Average value 81 28 42

Table 3. Grain size of copper surface

Magnetron sputtering system

Grain size, pm

With liquid target With planar target With cylindrical rotating target
(crucible @86 mm) (108 x 440 mm) (450 x F152 mm)
Minimum 3 3 3
Maximum 20 6 11

the deposited films due to its overheating. This explains
such a difference in the deposition rates.

As can be seen from Table 1, the deposition methods
with a liquid and with a cylindrical rotating target have
comparable results. However, a standard magnetron
with an extended planar target does not provide such
high deposition rates.

SURFACE ROUGHNESS

The values of the copper surface roughness (Ra, nm),
which was measured using a MarSurf PS1 profilometer
(Mahr GMBH, Germany), are presented in Table 2.

As can be seen, the classical magnetron with an
extended planar target has the lowest roughness, which
is explained by the low deposition rate. The method with
a rotating cylindrical target has a roughness 1.5 times
higher. The method with a liquid target has a roughness
almost 4 times higher, which can become critical for
some production tasks [13—15]".

STRUCTURE OF THE FILMS

Figure 2 shows the surface structure and grain size.
Studies were carried out on a Hitachi SU1510 scanning

U Pechatnye platy: Spravochnik: v 2 kn. (Printed circuit
boards: Handbook: in 2 books). Moscow: Tekhnosfera; 2018.
Book 1. 1016 p. (in Russ).

electron microscope (HITACHI, Japan). The grain size
is indicated in Table 3.

Classical sputtering with a planar extended target
provides the finest grain. For the magnetron with
a cylindrical rotating target the grain size only 2 times
larger. The method with a liquid target provides the
largest grain, which is associated with a high thermal
effect on the substrate caused by this type of a magnetron.
By reducing the deposition rate on a fixed substrate to
20 um/min, a grain size of up to 4 um is achieved on
a magnetron with a rotating cylindrical cathode, which
is comparable to the grain size achieved on a planar
magnetron with an extended target. However, the
deposition rate is higher for a cylindrical magnetron.

THICKNESS UNIFORMITY
OF DEPOSITED LAYER

The copper coating thickness was measured using
a Fisherscope X-RAY XDV-SDD X-ray fluorescence
thickness gauge (Fischer GMBH, Germany)?. Scanning
was carried out in the center and along the perimeter
of the substrate with an indent of 3 mm from the edge.
An evaluation of the non-uniformity showed that
sputtering methods having a liquid target and those

2 Dulov EN., Ivoilov N.G. X-ray spectral fluorescence
analysis: teaching book for students of the Faculty of Physics.
Kazan: Kazan State University Press; 2008. 50 p. (in Russ.).
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Fig. 2. View of the surface deposited using: (a) the LPMS method, (b) a planar magnetron with an extended target,
(c) a magnetron with a cylindrical rotating target

Table 4. Evaluation of material efficiency

Magnetron sputtering system

Parameter With liquid target With planar target With cylindrical rotating target
(crucible 86 mm) (108 x 440 mm) (450 x Z152 mm)
Fraction of material deposited 20 ~60 90
on substrates, %
Production of target material, % ~90-100 ~45 ~70
Efficiency, % 20 27 63

Table 5. Estimation of deposition cost of a 50 um thick layer

Magnetron sputtering system

Parameter With liquid target With extended planar target | With cylindrical rotating target
(crucible 186 mm) (108 x 440 mm) (450 x J152 mm)
Maximum loading of substrates
in one process with dimensions 20 70 80
of 60 x 48 mm
150 g
Number of processes (loading in the form of granules 5 40
on one target, pcs.
for 1 process)
Approximate cost per target, a.u. lkg—-X 1pc.—4.5X 1 pc. —29X
Cost of deposited layer X131 X0 X111
per substrate, a.u.

with a classical extended planar magnetron provide a
layer non-uniformity of no more than £5%, while for
a magnetron with a cylindrical rotating target, the layer
non-uniformity does not exceed +3%.

SPUTTERING EFFICIENCY

The material utilization factor was estimated as
follows: the fraction of the material removed from the
target during its life cycle was multiplied by the fraction

of the material that was deposited on the substrates. To
convert to a percentage, the coefficient is multiplied by
100%. The calculation results are given in Table 4.

Calculations have shown that the most efficient
sputtering is provided by a magnetron with a liquid
target.

The cost of the deposited layer 50 um thick was
estimated taking into account the cost of the material
and the efficiency of the deposited layer (Table 5).
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The average price on the market of granulated vacuum-
melted copper, X was taken as the base. The costs of
a planar and a cylindrical rotating target are given
in coefficients relative to the base cost of X arbitrary
units (a.u.).

Despite the low efficiency of deposition, the
magnetron with a liquid target is the most cost-effective
due to the absence of the need to manufacture a target
of complex shape. Regardless of the high cost of the
target due to its increased efficiency, the magnetron with
a rotating cylindrical target is close to the magnetron
with a liquid target in terms of the cost of the “deposited
layer.”

CONCLUSIONS

The present work analyzed copper films
obtained by magnetron sputtering using a cylindrical
magnetron, a planar magnetron, and a liquid-phase
magnetron. The comparison of deposition methods
according to the criteria of “coating deposition rate,”
“coating structure and surface defects,” “roughness,”
“uniformity of the deposited layer,” “sputtering
efficiency” and “economic feasibility” confirmed
that there is no single universal method that offers
optimal performance in terms of all these parameters.
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