JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 11 No 2, 02017(4pp) (2019)

ARYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Tom 11 No 2, 02017(4cc) (2019)

The Concentration Measurements of Tellurium Donor Impurity in Lamellar Bismuth

Samples by the Time-of-Flight Mass Spectrometry Method
D.Yu. Matveev”, D.V. Starov
Astrakhan State University, 20a, Tatischev St., 414056 Astrakhan, Russia
(Received 26 November 2018; revised manuscript received 08 April 2019; published online 15 April 2019)

The possibility of determining in-depth distribution of tellurium donor impurity in lamellar bismuth
samples using the time-of-flight mass spectrometry and electron microscopy methods in the concentration
range of 0.005-0.150 at. % Te is studied in the present paper. To measure the amount of tellurium in lamel-
lar bismuth samples, we used a LUMAS-30 time-of-flight mass spectrometer with a pulsed low-pressure
glow gas discharge in a combined hollow cathode and a Zeiss Evo-40 scanning electron microscope. The
samples for measurements were cut from the middle of the ingots of the Bi-Te alloy with the required im-
purity concentration. The samples presented a thin plate of a size of 10 X 10 mm? and 1 mm thickness. The
samples were thoroughly washed in distilled water and then etched in a 65 % solution of nitric acid to re-
move the surface layer with traces of external contaminants. The samples were strengthened as the bot-
tom of the hollow cathode in the gas-discharge cell, where the impulse ionization of the sample atoms in a
glow discharge plasma occurred. The relative error in the in-depth distribution of impurities did not exceed
6 %, while the error in determining the concentration of impurities by a mass spectrometer, according to
the passport data, did not exceed 5 %. The sensitivity limit in determining the concentration of impurities
in the device LUMAS-30, according to the passport data, was 10-6 at. %. As a result of research, we set
that the time-of-flight mass spectrometry method gives a very accurate determination of the tellurium im-
purity concentration, and also allows to establish a uniform distribution of tellurium over the volume of a
doped bismuth lamellar sample. The electron microscopy method using a Zeiss Evo-40 microscope does not
give a uniform distribution of tellurium over the sample volume.
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1. INTRODUCTION

The physical properties of a substance in a massive
or film state strongly depend on its structure. For ex-
ample, in [1] the authors, by studying the influence of
particle and grain size on the structural parameters of
ceramic samples of a substituted polycrystalline system
of iron-yttrium garnet Ys.CacFesO12, identified de-
crease in the specific saturation magnetization with
decreasing grains.

However, the structural properties of the ferrogar-
nets depend not only on the synthesis conditions, but
also on doping with a divalent calcium impurity [1].
Therefore, another way to change the properties of a
substance is its alloying.

In work [2], the influence of the doping degree on
the structural characteristics of bismuth films doped
with tellurium in the concentration range of 0.005-
0.15 at. % Te and thickness range of 0.3-0.7 pm is in-
vestigated. Therein, Demidov E.V. and Matveev D.Yu.
established that an increase in the doping degree with
tellurium in bismuth films leads to a significant de-
crease in growth figures. The weak influence of anneal-
ing on the crystallite size of bismuth films doped with
tellurium indicates high temporal stability of the struc-
ture. The average crystallite size varies slightly loga-
rithmically with increasing thickness and concentra-
tion of tellurium, as shown by Dilner and Schnelle on
the basis of the Mayadas-Shackes model [3, 4]. The
influence of the tellurium concentration on the electric-
al and galvanomagnetic properties of bismuth films is
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considered in detail in works [5-8].

In all the works mentioned above [1-8], the question
about measuring the concentration of impurities by
modern methods remains open. For example, for the
preparation of Bi-Te films, the concentration of tellu-
rium impurity in bismuth was determined from the
weight of the sample of the substance being evapo-
rated, and it was believed that the concentration of
tellurium does not change upon transition from a single
crystal to a film [6].

In the present work, the results of an experimental
study of the quantity of tellurium impurity in bismuth
films by the time-of-flight mass spectrometry and
scanning electron microscopy methods are presented
for the first time.

2. METHODS OF THE EXPERIMENT

The initial materials for the production of bismuth
films doped with tellurium in this study were bismuth
crystals with a tellurium content of 0.005 at. %, 0.010
at. %, 0.050 at. %, 0.075 at. % and 0.150 at. % obtained
by the method described in the paper [9].

For the preparation of Bi-Te alloys, Bi-000 bismuth
with a purity of 99.9999 % and Te with a purity of
99.999 % were used.

Pure bismuth was preliminarily degassed and puri-
fied from oxides by distillation through a capillary at a
temperature of 380 °C in a vacuum to 10-2 mm Hg in
an ampoule made of molybdenum glass.

The amount of bismuth and tellurium required for
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the preparation of the alloy was weighed on the ADV-
200 damper scales and on the stationary jewelry scales
WAGA TORSYJNA-WT, respectively.

At first, the Te sample calculated for approximately
50 g of the alloy was weighed. Calculation of a tellurium
sample with given concentration was performed with tak-
ing into account output factor 1 of tellurium atoms in
bismuth (77=0.7). This sample was selected in the form of
a single piece, which reduced the probability of a partial
loss of it when we are working with it. Then, according to
the actual mass of tellurium, the mass of bismuth was
calculated. The ampoule with the components of the alloy
was pumped to a pressure of 10-2 mm Hg, after which it
was soldered. After that, the ampoule was placed in an
oven, where it was kept at a temperature of 380 °C for
24 hours, while the oven was continuously rocked, which
ensured good mixing of the alloy. After this, the ampoule
was removed from the oven and placed horizontally, and
it was allowed to quickly solidified.

Obtained alloys in the ampoules were subjected to
zone equalization by two passes of the zone in opposite
directions. Zone melting was conducted at a rate of
3 cm/h [9]. As a result of melting, a large-block bismuth
crystal doped with tellurium with a given concentration
was grown. Thus, alloys with an impurity content of
0.005 at. % Te up to 0.150 at. % Te were prepared.

Quantity of tellurium in the film was set by using
bismuth crystals with a previously known tellurium
concentration for spraying.

The concentration of tellurium impurity in bismuth
was measured by means of a time-of-flight LUMAS-30
mass spectrometer with a pulsed glow discharge gas of
low-pressure in a combined hollow cathode and with
Zeiss Evo-40 scanning electron microscope (SEM) [10].

The experimental equipment (Fig. 1) consisted of an
ionization block for solid samples in a pulsed discharge
gas in a hollow cathode and a time-of-flight mass spec-
trometer Lumas-30 with an orthogonal location of the
drift zone, which included a mass-reflectron, which was
used as the registering system of the formed ions. Ion
optics of the mass-spectrometer was calculated and
preliminarily optimized by the collaborators of the De-
partment of Analytical Chemistry of the St. Petersburg
State University [10, 11].

Fig. 1 — View of the time-of-flight mass spectrometer

Using the electroerosive method by wire cutting,
samples for the measurements were cut from the mid-
dle of the ingots of the Bi-Te alloy with necessary im-
purity concentration. The samples were thin plates of a
size of 10 x 10 mm?2 in size and 1 mm thickness. The
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samples were thoroughly washed in distilled water and
then etched in a 65 % solution of nitric acid to remove
the surface layer with traces of external contaminants.
The samples were strengthened as the bottom of the
hollow cathode in the gas-discharge cell, where the im-
pulse ionization of the sample atoms in a glow dis-
charge plasma occurred.

Table 1 shows the conditions that were applied in
the analysis of a solid sample.

Table 1 — Control voltages and some parameters of the time-
of-flight mass spectrometer, at which the Bi-Te samples were
analyzed

Cathode Material Al (99.999 %)
Discharge gas Ar-He-Ho
(69.70 %-30 %-0.30 %)
Discharge cell pressure 1.6 Torr
Duration of the discharge 1.7 us
pulse
Duration of the pushing 1.0 us
pulse
Pushing pulse delay time 140 ps
Pulse repetition period 0.3 ms
Cathode voltage — 1500 V
Time-of-flight tube — 2000V
voltage
Spraying time 11 min
Number of spectra 103 go%a:;{:iiz of

3. RESULTS AND DISCUSSION

Several sputterings were made for the impurity dis-
tribution depth profile (Table 2). Fig. 2 shows the cor-
responding mass spectrum for one sputtering on an
example of the Bi sample (0.150 at. % Te).

The tellurium concentration in bismuth was deter-
mined from the sizes of square areas of the radioactive
isotope peaks of tellurium with a main mass of 130 and
bismuth 209. The 130Te isotope was selected consider-
ing that his peak, as seen from Fig. 2, had the greatest
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Fig. 2 — Mass spectrum of Bi (0.150 at. % Te). Combined ca-
thode. The material of cathode wall is Al. Pressure 1.6 Torr.
Gas mixture composition: Ar — 69.70 %, He — 30 %, Hs —
0.30 %
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Table 2 — Depth distribution of tellurium impurity in the
sample

Measurement | ; p, I.Te at. % Te
number
1291 8691 | 1251 0.144
1223 8487 | 1185 0.140
1227 8897 | 12.81 0.144
1229 7637 | 1137 0.149
1239 10060 | 14.66 0.146

intensity and was most clearly separated from the re-
maining (stable) isotopes of tellurium. It is interesting
to note, that the calculation was conducted on the as-
sumption that the content of tellurium isotopes in the
sample, issued on the mass spectrum, corresponds to
the content of isotopes in the natural element.

Investigations of the distribution depth profile of
tellurium impurities of the sample (Table 2) indicate
the uniformity of their distribution. In addition, the
results of concentration measurements by mass spec-
trometry are perfectly combined with the method for
determining the concentration by weight of a tellurium
sample calculated for 50 gram of the alloy. As can be
seen from the mass spectrum, extraneous chemical
elements in the samples are absent.

The measurement of the tellurium concentration by
scanning electron microscopy method was conducted on
the same samples using a Zeiss Evo-40 microscope.

Fig. 3 and Fig. 4 show the raster electronic spec-
trum for the sample with a tellurium concentration of
0.15 at. % and its electronic image indicating the loca-
tion of sounding, respectively.

An electron beam probed the surface of each sample
repeatedly at different points (Fig. 4).
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Full scale 19150 imp. cursor 0.000
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Fig. 3 — The electronic spectrum of Bi (0.150 at. % Te)

I 60Lm

Fig. 4 — Electronic image of the surface of the Bi sample
(0.150 at. % Te)
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As can be seen from Fig. 3, besides the peaks of
bismuth and tellurium, oxygen and fluorine are present
in the samples. In measurements in other areas of the
surface, carbon and sodium can be detected.

Table 3 shows the concentration values in weight
and atomic percent (at. %) of all elements including in
the Bi sample (0.15 at. % Te) for different probing re-
gions. It can be seen from Table 3 that the tellurium
concentration assumes unequal values in the investi-
gated areas of surface scanning, which indicates the
uneven distribution of the impurity in the sample. So,
the measurement of the concentration by the method of
scanning electron microscopy does not completely cor-
respond to the concentration calculated by the weight
of the sample of doping substance.

Table 3 — Elemental composition of the Bi sample (0.150 at. %
Te) obtained with a Zeiss Evo-40 microscope

Measurement Element Weight, % | Atomic, %
number
OK 2.09 18.95
1 FK 1.89 14.41
Te L 0.09 0.10
BiM 95.93 66.53
OK 2.14 19.19
9 FK 1.96 14.85
Te L 0.01 0.01
Bi M 95.89 65.94
CK 18.39 63.53
OK 7.45 19.33
3 FK 0.74 1.62
Na K 0.50 0.90
Te L 1.13 0.37
Bi M 71.78 14.25

The present result can be due to incorrect adjust-
ment of the main characteristics of the electron micro-
scope system (low values of accelerating voltages), and
as a consequence weak excitation of the L series of tel-
lurium, since in the second dimension Te is practically
not detected. Perhaps, significant errors in determining
the quantitative composition of the samples are due to
the imposition of the characteristic lines of one element
on the other spectrum.

In the work, the relative error in the impurity depth
distribution determined by the time-of-flight mass
spectrometry method did not exceed 6 %. The relative
error in determining the impurity concentration by a
mass spectrometer, according to the passport data, did
not exceed 5 %.

Limit sensitivity in determining the concentration
of impurities on the device "LYUMAS-30", according to
the passport data, is 106 at. %. Absolute errors in the
determination of the tellurium concentration in the
initial sample for the production of bismuth films with
different degrees of doping are: (0.0050 + 0.0005) at. %
Te, (0.010 + 0.001) at. % Te, (0.050 + 0.002) at. % Te,
(0.075 + 0.004) at. % Te and (0.150 + 0.008) at. % Te,
respectively.

It should be noted that the difference in the deter-
mination of the amount of tellurium impurity in the
samples by mass spectrometry was no more than 6-7 %
compared to the initial loaded amount of tellurium.
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4. CONCLUSIONS

The method of time-of-flight mass spectrometry in a
pulsed gas discharge in a hollow cathode makes it poss-
ible to determine with a high degree of accuracy the
tellurium concentration in bismuth samples.

The time-of-flight mass spectrometry method makes
it possible to verify and confirm the uniformity of the
tellurium volume distribution in the samples.

The presence of these facts can help correctly in-
terpret the experimental results obtained on bismuth
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BumiproBauHsa KOHOHeHTpanii JOHOPHOI JOMIIIKK Te/JIyPY B INIACTUHYACTUX 3pa3Kax

BiCMyTy MeTOZOM YaC-MPOJIITHOI MACOBOI CIEKTPOMETPil
JI.1IO. MaTtgees, J[.B. Crapor

Acmpaxarncorkuil depocasrull yHigepcumem, 8ya. Tamiwesa, 20a, 414056 Acmpaxans, Pocis

V¥ po0oTi BUBUAETHCS MOKINBICTh BU3HAYEHHS TIMOMHHOTO PO3IIOILILY JOHOPHOI JOMIIIIKY TeJIypy B ILIAC-
TUHYATUX 3Pa3Kax BICMYyTy 3 BUKOPHCTAHHSIM METOJ[IB MAC-CIIEKTPOMETpIi Ta eJIEKTPOHHOI MIKPOCKOIIII B Jia-
nasoni xoumenTparii 0.005-0.150 at. % Te. s BuMipioBaHHA KIJBKOCTI TEJIypy B ILIACTHHYATHX 3PA3KAX
BICMYTY BUKOPHCTOBYBABCA dacorposiTHuil mac-criekrpomerp LUMAS-30 3 iMIIy/IbCHUM Ta30BUM PO3PSIZIOM
HHU3BKOIO TUCKY B KOMOIHOBAHOMY IIOPOKHUCTOMY KATOJIl Ta CKAHYIOYHMI eJIKTPOHHUN Mikpockorn Zeiss Evo-
40. 3pasku 11 BUMIPIOBAHD BUPI3aJid 3 CepeqUuHM 3JIUTKIB criaBy Bi-Te 3 HeoOXigHO0 KOHIIEHTPAIIIEO [0-
MIIIOK. 3pas3Ku MPeICTaBIIAIN o000 TOHKY IIacTHHY poaMipoM 10 X 10 Mm2 i TOBITUHOK 1 MM. ix peTresbHO
TIPOMUBAJIH JUCTUIIHLOBAHOIO BOJOIO, 4 IIOTIM TPABUJIX ¥ 65 % PO3YMHI a30THOI KUCJIOTH JJIsT BUIAJICHHS TI0Be-
PXHEBOTO IIapy 31 cJijaMul 30BHINIHIX 3a0pyaHeHb. 3pasKy 3MIITHIOBAIH SK JHO IIOPOKHICTOIO KaToIa B ra-
30PO3PSITHIN KOMIPIT], JTe BIIOyBasIacs IMITyJIbCHA 10HI3AINsa aTOMIB 3pas3ka y IIa3Mi TJII0Yoro po3psy. Bis-
HOCHA MOXWOKA TJIMOMHHOTO POSIIOILILY JOMINIOK He IepeBHIlyBasia 6 %, a moxubka BU3HAYEHHS KOHIIEHTPA-
(il IOMIIIOK MAac-CIIEKTPOMETPOM, 3a IIACIIOPTHUME JaHUMU, He mepeBuinyBasa 5 %. Meska dyrimBocTi mpu
BHU3HAYEHH] KOHIeHTpAaIli gomimok y mprianl LUMAS-30, sa nacroprarmu naunmu, craHosuiaa 10-6 ar. %.
B pesysbrari mpoBeeHHX JIOCIIKEHb BCTAHOBJIEHO, IO METOJT YACOIIPOJIITHOI MACOBOI CIEKTPOMETPIl JT1ae
JlysKe TOYHEe BU3HAYEHHS KOHIIEHTPAIII] JOMIIIIOK TeJIypPy, & TAKOMK JO3BOJISIE BCTAHOBUTH PIBHOMIPHHUHN PO3IIO-
JILT TeJrypy y 00'eMi JIETOBAHOTO IJIACTHHYACTOrO 3pa3ka BicMyTy. MeTos eJIeKTPOHHOI MIKPOCKOIII1 3 BUKOPHC-
TaHHAM MiKkpocKoma Zeiss Evo-40 He gae piBHOMIPHOI0 poO3mOIiIy TeJIypy y 00'eMi 3pa3ka.

Kmouosi cnosa: Bicmyr, Tenyp, Tonki mwriskn, Mac-criekrpomerpis, JloHopHa momimika.
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