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The problem of operation reliability of thermoelectric modules remains topi-
cal. Owing to pronounced anisotropy of properties and growth of the rate of
semiconductor atoms’ mobility, the diffusion of conductor atoms into semi-
conductor can occur in thermoelements. For prevention of diffusion of con-
ductor atoms into semiconductor and for increasing of thermoelement useful
life, diffusive barrier layers are applied for separating commuting plate and
semiconductor material in their contact. Deposition of such barrier layers
can be realized by different methods, but in all cases the layer is deposited on
the semiconductor surface, thus the effectiveness of thermoelectric modules
reduces. At present work, mass-transfer processes at diffusion welding in
vacuum of copper and nickel through ion-modified layers are investigated.
The expediency of prior modification of copper surface (commuting plate) by
chromium for creation the barrier antidiffusive layer is determined. Using
radioactive isotope method, it is defined the features of diffusive interaction
of contact materials through surface layers of copper modified by chromium
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due to ion treatment. As shown, the presence of such layers results in retar-
dation of diffusive processes twice comparatively with contact interaction
without modified layer. Blocking effect of such modified layer is confirmed
by Auger electron spectroscopy on the example of heterogeneous joints of
pair copper—nickel. As shown, a diffusion zone width after modification cop-
per by chrome became 20 times lesser than one in non-modified sample.

Key words: antidiffusive barrier layer, diffusion welding, ion treatment,
mass-transfer processes, radioactive isotope method, Auger electron spec-
troscopy.

IIpo6siema migBUINeHHS HaLilHOCTI poOOTH TEPMOEJEeKTPUUHUX MOAYJIIB 3a-
JUIIAEThCSI aKTyaJlbHOI0. BHACIIZOK HASBHOCTI pi3KO BHpaKeHOl aHizoTpomii
BJIACTUBOCTEN Ta MIBUAKOCTI POCTY PYXJMBOCTI aTOMiB HamiBOpPOBiAHWKA Yy
TepMoOeJeMeHTaxX MOKe BigmbysaTucs nu@ysia aToMmiB mapy OpoBigfHMKA y Ha-
OiBOpoBimHMK. Bce me mpusBOAUTL 0 3HUIKEHHSA HATIMHOCTI Ta TPUBAJIOCTI
eKcILTyaTalii TepmMoeeKTpUUHNX ejeMeHTiB. [Ina sanmobiranua audysii aTo-
MiB IPOBiJHWKA Yy HAIIiBIPOBIAHUK Ta MiABUIIIEHHS TePMiHY CJIY:KOU TepMoe-
JIEMEHTIB 3aCTOCOBYIOTH nu(ysiiiui 6ap’epHi mapu, AKi po3gijigoTs KOMYTY-
BaJIbHY IIJIACTUHY Ta HAIIiBIIPOBIAHWUKOBUI MaTepias y micii ix KoHTaKTy. Ha-
HeCceHHA TaKMUX 0ap’epHUX MPOIIApPKiB MOKe 3MiiCHIOBATUCA PiBHUMU CIIOCO-
6aMu, OJHAK y BCiX BUIIaKaX IPOITapOK HAHOCUTHCA Ha MIOBEPXHIO HAIIi BIPO-
BiIHWKa, IO 3HUMKYE e(PeKTHUBHICTL TEPMOEJEeKTPUUYHUX MOAYJIiB. ¥ maHik
poboTi mocsimsKeHO IIpollecM MAacoIepeHeceHHs y pasi audysiiiHoro sBapio-
BaHHS y BaKyyMi Mizi Ta Hikearo uepe3d mMoau@ikoBaHi HOHHOI 00POOKOIO
npomapku. BeTaHoBIIEHO AOIINLHICTE HOoIepesHBOI Momudikarii moBepxHi
Migi (KOMyTyBaJbHOI IIACTUHM) XPOMOM AJIA CTBOPEHHS 6ap’€PHOTO AaHTUIM -
¢ysifiHOro mpoOIIapKy. 8 BUKOPHUCTAHHAM METOAY PaiOaKTHBHUX i30TOIIiB
BU3HAUYEHO 0COOJUBOCTI Au@y3iiiHOI B3aeMOoil KOHTaKTyBaJbHUX MaTepiajiB
yepes IMOBEPXHEBi mapu Mifi, moaudikopani XpoMoMm 3a ZOIIOMOTOI0 HOHHOIL
00pobkru. ITokazaHo, 110 HAABHICTh TAKUX INIapPiB CIIOBLIBLHIOE IIBUAKICTL qU-
¢ysifiHuX IMPoIeciB yABiUi MOPiBHAHO 3 KOHTAKTHOIO B3aeMoicr0 6e3 Mmoaudi-
KOBaHOro 1mapy. BiIoKyBaabHUNI ehpeKT TaKkoro MmoamndpikoBaHOro I1apy migTse-
PIKEHO TAKOXK 3a JOIIOMOT00 eJeKTPOHHOI OiKe-CIIeKTPOCKOoIil y 3’ e THAHHAX
i3 pisHOpimHMX MaTepiajsiB Ha NpuKJIaAi mapu Migb—HiKeab. Ilokasano, 110
mupuHa 30HU AudysiiiHol Bzaemonil y pasi momudikarmii migi Xpomom y 20
pasiB MeHIIa, HiK y HeMoau()iKoBaHOTO 3pas3Ka.

Kuarouosi caoBa: auTugudysifinuii 6ap’epHUN OpoInapok, Audysiline sBapio-
BaHHS, MOHHA 00pPOOKAa, MacollepeHeCeHHS, MeTOJ PaJioOaKTHUBHUX i30TOIiB,
enekTporHa Oe-CIIeKTPOCKOIIis.

(Received September 17,2020 )

1.INTRODUCTION

The creation of qualitative barrier layers is one of the important tasks
during designing and fabrication of semiconductive thermoelements.
Antidiffusive layer (diffusive barrier) prevents passing of mutual dif-
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fusion of conductor material into semiconductor. These layers must
ensure low-level specific resistance of ohmic contact and adhesion
strength [1]. Nowadays, antidiffusive layers have deposited on the
semiconductor surface by different methods. However, existent tech-
nologies of antidiffusive layer making, in most cases, have a negative
influence on operation of thermoelements under high temperatures. It
causes by increase of transition layer consisted of solid solutions as af-
fected of temperatures. Whereas solid solutions have low mechanical
strength, it causes reduction of contact strength [2—4].

It is possible to solve this problem by creation of antidiffusive layer
on the surface of conductor using the effect of penetration of metal at-
oms from the surface deep into macroscopic distances of substrate un-
der low temperature (up to 473 K) in conditions of ion bombardment in
glow discharge [5]. At work [6] it has been determined, that the most
optimal material for barrier layer can be chrome whereas copper with
chrome has significantly limited solubility, and chemical-resistant
chrome oxide in the transition zone additionally intensify blocking ef-
fect.

In this connection, it is necessary to investigate blocking effect of
such layers. Radioactive isotope method and Auger electron spectros-
copy are widely used as effective methods of studying of diffusive pro-
cesses. Their high sensitivity, accuracy and informativity allow to in-
vestigate mass-transfer processes and to analyse character of element
distribution in welded joints at diffusive welding in vacuum [7—9]. The
effectiveness of these methods confirmed at works [10, 11].

2. EXPERIMENTAL METHODOLOGY

The results of investigation of atom redistribution and diffusion rate
at diffusion welding of copper and copper with nickel through ion-
modified layers have presented at this work.

Copper details with dimensions 10x8x4 mm? and copper and nickel
samples with dimensions 12x7x3 mm?® have been used for investiga-
tions. On the copper surface, the chromium layer by 3 mm thickness
had been deposited by ion-plasmic method using technique defined at
[6]. Then all copper details with chromium layer, except basic, had
been subjected to treatment by argon ions for making antidiffusive
barrier layer. Deposition of chromium layer had been realized on the
vacuum plant for resistive spraying URN-3. After that, the diffusion
welding had been carried out on the modernized plant VU-1A. Condi-
tions of surface preparation and welding conditions have been present-
ed at Table 1.

The effect of blocking of copper diffusion by chromium layer, first
of all, had been studied on the welded joints of pair Cu—Cu (sample 1
and 2).
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For the purpose of confirmation of presence the blocking effect in
heterogeneous thermoelectric materials, the investigation by the ex-
ample of pair Cu—Ni had been carried out (sample 3 and 4), as far as
materials which are sufficiently widely used on practice for fabrication
of thermoelements [2—4]. It is necessary to point, that values of the
annealing temperature correspond to operating and application condi-
tions of thermoelement.

3. RESULTS AND DISCUSSIONS

The sample 1 (conditions I) is basic. Other conditions differ from basic
and from each other by argon ion treatment of Cr barrier layer and car-
rying out of annealing of ion-modified layer during temperature-time
conditions.

Conditions I and II (Table 1) correspond the investigations of welded
joints Cu—Cu. Diffusion processes in the contact zone had been studied
by autoradiography method. Radioactive isotope of cobalt *°Co with
beta emission energy 1.48 MeV had been used. It had been deposited by
electrolytic method on one of the surfaces of Cu. The isotope layer had
the thickness ~0.3—0.5 um and the activity 5-10° impulse per minute.

Assembly of copper details before welding had been carried out by
the scheme: Cu (*°Co)—Cu (sample 1) and Cu (*°Co)—(Cr) Cu (sample 2).
Detail with radioactive isotope ®®Co had been put from below. After
welding samples had been placed on photosensitive film for autoradi-
ography with following exposure on it during 14 days. Then the film
had been developed and photometered. After that, the concentration
distribution of radioactive isotope into pure copper and ion-modified
copper is determined. Assessment of mass-transfer coefficient values
had been realized by technique described at [7].

The estimate of mass-transfer coefficients had carried out by Ein-
stein’s formula [12]:

D=X?%/21, (1)

TABLE 1. Preparation and welding conditions of samples.

Tireat Cr layer
Number Of Tweld’ Twelds Ar, Uaccel’ P’ thickneSS, Tanneal’ Ttemp’
sample|cond.| °C min A% MPa pm °C  |hours
1 I 850 30 0 0 5 0 0 0
2 II 850 30 60 500-600 5 3 0 0
3 IIT 900 30 0 0 5 0 350 2
4 V. 900 30 60 500-600 5 2 350 2
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where X—isotope penetration depth, cm; t—welding process duration, s.

The analysis of autoradiograph impresses shown that number of re-
lational nigrescence units (S) is directly proportional to concentration
of radioactive isotope in samples. At Figure 1, the concentration
curves of isotope ®°Co distribution in Cu, as a result of diffusion weld-
ing in conditions I and II, are presented (detail with radioactive iso-
tope—at the left).

The study of concentration curves shows that in both cases of weld-
ing the results vary by form of curves and by isotope penetration
depth. The results of analysis of concentration curves are presented in
Table 2.

Sample 1. In this case isotope penetration depth into the detail with
isotope is equal to 165 um, and into opposite one it is 115 um. Values of
mass-transfer coefficients, found by Einstein’s formula, are:
7.6-10 % cm?/s in the left detail and 3.7-10°® cm?/s in the right one, that
is the ratio of coefficients is equal 2.1. Thus, motility of isotope into the
detail with isotope isin 2.1 times higher than in the detail without it.

90

80
Cu * 3 Cu

: AN

0 / \

30 e/ \

20 r—=

S, nigr. units

10
0

80
70
60 ’/ \
50 Cu / \\ CrCu
40 / 0\

',
30 yd AN
}/0/ \

S, nigr. units
/|

20 e
10
0

0 50 100 150 175 200 225 250 275 300 325 350 400 500 600
X, um
b

Fig. 1. Concentration curve distribution of ®°Co in Cu as the result of diffu-
sion welding Cu + Cu: under conditions I (a), under conditions II (b).
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TABLE 2. Results of analysis of concentration curves.

No. of X, [atds Tireat Ar, min Tyelds min Uaccel’ \
sample|Cu (*Co)| Cu |Cu(*Co)| Cu |Cu(®Co)| Cu | Cu(®Co) | cCu

1 115 8 - 0 30 30 0 0

2 165 115 - 60 30 30 500-600 500-600

Sample 2. Isotope penetration depth in this case is less than in the
sample 1. It is equal about 115 um into the detail with isotope and
85 um into opposite one. The estimate of mass-transfer coefficients
gave such results: 8.7-10® cm?/s in the left detail, 2.0-10® cm?/s in the
right one. The ratio is equal 2.

It is worth mentioning that in both cases the asymmetry of concen-
tration curves regarding contact surface occurs. The asymmetry can be
concerned with the presence of stress gradient at the contact zone.

Findings of investigation of mass-transfer in copper samples are
given at Table 3. The data obtained allow to assert that the diffusion
rate in modified sample is twice lesser than in non-modified one. Low-
ering of diffusion rate in modified sample is probably connected with
decrease of diffusive penetrability of grain boundaries[13, 14].

The next stage of investigation has been carried out by the example
of pair copper-nickel using Auger electron spectroscopy. This stage has
been realized to confirmation of blocking effect due to chromium layer
at the operational regime of thermoelectric elements. The conditions
IIT and IV correspond to study of such samples. The assembly of details
before welding has been realized by scheme: Cu—Ni (sample 3) Ta Cu
(Cr)—Ni (sample 4).

At the heart of Auger electron spectroscopy method underlies the
measurement of energy and quantity Auger electrons, which are arised
at bombardment of solid surface by electron beam with the energy of a
few keV that characterizes element composition of the first monolay-
ers. This method allows studying element distribution on the surface
with high spatial distribution and locality (under 0.1 um)[15].

The investigation has been carried out at the base of E. O. Paton
Electric Welding Institute of the National Academy of Sciences of

TABLE 3. Characteristics of diffusive processes as the result of mass-
transfer in of Cu + Cu.

No. of D,,, cm*/s 1g(D.)

sample | Cu(®Co) | Cu Cu(®Co) | Cu
1 7.610°  3.7-10° 2.1 7.1 7.4

2 3.710°  2.010° 2.0 7.4 7.7

cu®co) / Cu
Dm Dm
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Ukraine. It has been used Auger microprobe JAMP-9510F, which pos-
sesses the highest spatial distribution in the world. It also allows get-
ting picture of sample surface, assessing homogeneity of material, car-
rying out the element mapping [15].

The results obtained and distribution curves of elements lengthways
of welded samples along spectrum 1 have been presented at Figs. 2 and
3, correspondingly.

It is followed from the analysis of concentration distribution that
the diffusive layer width in the sample 4 (conditions IV) is equal about
1 um, whereas it is nearly 20 um in the sample 3 (conditions III).

Consequently, the results of diffusive processes investigation due to
Auger electron spectroscopy also confirm the effectiveness of blocking
action of ion-modified surface layer of copper by chromium. The diffu-
sive zone width in the welded sample with intermediate antidiffusive
layer is 20 times lesser than one in samples welded directly.

Using element analysis by Auger spectrometer it had been deter-

o 807 80 1
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5 60 7 < 60 1 .
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o 40 ] < 40
= 1 @ ]
201 = 20
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Fig. 2. Concentration of elements along welded specimen as the result of dif-

fusion welding of Cu + Ni (spectrum 1, Fig. 3): under conditions III (a), under
conditions IV (b).

10 pm

a

Fig. 3. Photographs of welded zone as the result of diffusion welding of
Cu + Ni: under conditions III (a), under conditions IV (b).
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TABLE 4. Transition zone element composition as the result of diffusion
welding of Cu + Ni (% by weight).

No. of sample ‘ C | 0] | Ni Cu Cr
3 (point A) 0.8 0.2 69.88 29.12 -
3 (point B) 1.37 0.6 80.62 17.41 -
4 (point A) 1.66 0.18 0 98.17 0
4 (point B) 1.38 0.28 96.64 1.7 0

mined the percentage composition of elements in the transition zone of
welded joint. The results of analysis along spectrum 1 in the points A
and B (Fig. 3) are presented at Table 4.

The results shows that at the transition zone of modified sample 4
the sharp change of percentage composition of Ni and Cu (74.64% and
96.47% at point A and point B, respectively) is observed, while in the
non-modified sample 3 this change insignificant (10.74% and 11.71%,
respectively). This fact is evidence of considerable decrease of penetra-
tion depth of copper into nickel owing to blocking action of modified
layer.

The general results of investigation show the availability of block-
ing effect due to ion-modified chromium layer on the surface of com-
muting copper plate that hereafter will permit to improve present
technology of fabrication the thermoelements, ensure the stability of
their operating characteristics and increase the lifetime of thermoelec-
tric modules.

4. CONCLUSIONS

It has been determined the effectiveness of making ion-modified anti-
diffusive layer of chromium on the surface of copper purposely pre-
vention of copper diffusion into the semiconductor when production
and operation of thermoelements. Using the autoradiography method
it has been defined that diffusion rate of isotope ®°Co in ion-modified
copper twice lesser than in copper without modification. By means of
Auger electron spectroscopy, using copper-nickel welded joints it has
been ascertained, that the diffusion zone width in the presence of anti-
diffusive layer is 20 times lesser than in welded samples obtained di-
rectly.
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