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Thin film Si:Eu and Si:Y composites
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The composition, electrical, and optical properties of silicon film composites doped with
rare-earth elements have been studied. The effect of the deposition temperature, the
substrate type on the film properties has been determined. The materials have been shown
to be of interest for thin film photoresistors, photodiodes, UV radiation sensors, and

photoelectric converters.

WccnemoBaHbl cocTaB, XMMUYECKNE M OINTHYECKUE CBOMCTBA IIJIEHOK KPEMHHEBLIX KOMIIO-
BUTOB C IIPUMECSIMH PeIKO3eMeJbHBIX deMeHToB. OnpenesieH0 BIUSHIE TEMIIEPATYPhI 0CAMK-
JeHWs U THUNA IOAJIOKKHU Ha cBoiicTBa meHOK. IlokasaHo, UTO JaHHBIE MATEPUAIbl MOLYT
IIPEICTABUTh MHTEPEC JJIS CO3MAHNS TOHKOILIEHOYHBIX (POTOPE3HCTOPOB, (POTOAMOMOB, AATUM-
KoB Y@ usnyueHuss u (POTOIJIEKTPUUECKUX IIpeodpasoBaTesei.

1. Introduction

Silicon doped with rare-earth elements
(RE) attracts more and more attention as a
material of very good promises for optoelec-
tronics. Most of published works is aimed at
studies of Er dopant providing the photolu-
minescence in such structures at 1.54 um
wavelength which provides minimum loss in
fiber-optic communication lines [1, 2]. The
properties of silicon films doped with other
RE are studied to a considerably lower ex-
tent. In particular, europium and yttrium
application is rather prospective with re-
spect to improved sensitivity of silicon ma-
terial to VIS and UV radiation and also to
efficiency of solar cells [3, 4].

The synthesis of thin-film Si:Eu and Si:Y
composites is somewhat limited. For exam-
ple, those materials cannot be obtained by
chemical methods, because REs do not form
gaseous compounds. That is why physical
methods such as magnetron sputtering [5, 6]
and electron-beam evaporation [7] are used.
Moreover, low solubility of rare-earth ele-
ments in crystalline matrix is known, while
amorphous silicon enables to increase con-
siderably the content of those dopants in
films. A peculiarity of silicon films with Eu
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dopants is due to its variable valency (+2
and +8). Europium atoms in a silicon film
have been shown to be in both valent states
[6] that implies the formation of two impu-
rity center types, electrically inactive and
donor type, conversion from one to another
type being defined by the substrate tem-
perature. Moreover, the photosensitivity of
silicon material is known to increase consid-
erably due to incorporation of Eu [5] and Y
[7] dopants. However, the published investi-
gation results of thin-film composites Si:Eu
and Si'Y [5—7] concerned mainly properties
of the films without examination of barrier
structures based thereon.

Before, we have synthesized Si:Eu films
of different quantitative composition (95:5
and 67:33 at.%) using the electron-beam
evaporation [8]. It has been shown that
europium has a rather high solubility level
in silicon film (10-30 at.%) even if its con-
tent in the initial alloy is as low as 5 at.%.
The films deposited from alloy with high Eu
concentration were found to be unusable be-
cause of their rapid oxidizing in air. The
films deposited from the Si:Eu 95:5 at.%
alloy were studied in more detail. A bilayer
structure of Si:Eu film was revealed, the

85



V.M.Koval, Yu.S.Chechuga / Thin film ...

bottom layer being situated at the film/sub-
strate boundary and characterized by high
content of Eu and unintended dopants. The
same result was obtained for Si:Er films in
[1]. The study of the dopant center nature
has been shown two types of EuU including
centers of different valences that coordinate
with results in [6].

The aim of this work is to study the
properties of silicon films with europium
and yttrium dopants. Furthermore, the use
of yttrium is due to possibility to get more
reproducible chemical composition of the
film relative to the initial alloy because of
almost the same saturated vapor pressure of
silicon and yttrium that is of importance in
the film deposition using the electron beam
evaporation.

2. Experimental

Thin silicon films were deposited onto
dielectric substrates SiO, to study the film
properties and onto semiconducting p-Si and
n-Si to prepare heterostructures. The tech-
nological parameters of films deposition
were as follows: pressure of residual gases
1075 Torr, deposition time 5 min, substrate
temperature 100 to 350°C. The ohmic con-
tacts were formed by deposition of Ti—Ni
bilayer of 30 and 350 nm thickness, respec-
tively, using the electron-beam evaporation

The RE dopants were introduced from
specially prepared initial Si:RE alloys ob-
tained by arc-heating in argon atmosphere
with previous titanium sputtering in vac-
uum chamber. The following initial alloys
were used: 1) Si.Eu — 95:5 at.%; 2) Si.Y —
90:10 at.%; 3) SiiY — 67:33 at.%. The
pure silicon films were obtained in the same
technological conditions to compare the ef-
fects of different RE dopants. The chemical
composition of the samples was examined by
Auger spectroscopy using a LAS-2000 Riber.
To study the element distribution over the
film depth, the sample surface was bombed
with argon ions of 4 keV energy. The etching
rate was 30 A/min. To measure the sensitiv-
ity to ultraviolet radiation, a UV-lamp with
350 nm wavelength was used.

3. Results and discussion

The samples so obtained have the follow-
ing structure in cross section: contacts of
30 nm thickness (only the lower layer (Ti) is
shown in the spectrum), 5 to 40 nm thick sili-
con film and substrate (oxidized silicon layer)
of 20-30 nm thickness on c¢-Si (Fig. 1, a) or
¢-Si (Fig. 1, b, c¢). The film consists mainly of
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Fig. 1. Chemical compositon profiles over the
depth of films deposited from alloys: Si:Eu —
95:5 at.% (a); Si:Y — 90:10 at.% (b); SitY —
67:33 at.% (c).

Si and intentional dopants — europium
(Fig. 1, a) or yttrium (Fig. 1, b, ¢), and also
contains a certain amount of unintentional
dopants (O, C, SiO,). As to Y dopant, the
reproducibility of chemical composition
with respect to the initial alloy is observed.
That is, the films deposited from Si'Y
67:33 at.% alloy contain 30-35 at.% of yt-
trium (Fig. 1,c), while those obtained from
SitY 90:10 at.% alloy contain 3-5 at.% of
this dopant (Fig. 1, b). For comparison,
europium enters the silicon film at a level
of 20-30 at. % while its content in the in-
itial alloy was only 5 at.% (Fig. 1, a). The
Y distribution over the film depth is inho-
mogeneous and not the same at its different
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Fig. 2. I-V characteristics of the iso- and an-
isotype heterostructures. I — n-Si; 2 — p-Si.

concentrations. For samples with Y content
of 30 at.%, the maximum dopant concen-
tration is observed at the film/substrate in-
terface (Fig. 1, ¢) while for films with low
yttrium concentration, its content decreases
gradually towards the substrate (Fig. 1, b).

The data of Auger spectroscopy enable to
suggest the formation of a bilayer film in
the case of high rare-earth concentration.
The lower layer in contact with the sub-
strate is characterized by a high content of
RE and unintentional dopants. The thick-
ness of such a transition layer makes 1 to
10 nm. In the second layer, the RE concentra-
tion is low. That result can be explained as
follows. It is known that, in contrast to chemi-
cal compounds, the components of an alloy
evaporate independently. The evaporation rate
of Si, Y and Eu can be estimated [9] as

v =6-104 ( M jm, ()

evap Tevap

where v,,,, is the evaporation rate; M, the
molecular weight; T, the vaporization
temperature. According to formula (1), vgq,
for Si, Eu, Y make up 0.7-1074, 2.5:1074 and
1.3-107% g/cm?-s, respectively. That is, at
first, the high-volatile component (Eu/Y) is
evaporated and then Si. Thus the films are of
sandwich type. The Eu concentration in sili-
con films deposited from alloy with content
of this dopant only 5 at% reaches the same
value as in the samples obtained from SiY
67:33 at% alloy. The spectra represented in
Fig. 1 demonstrate also the getter properties
of Eu and Y in high concentrations. A simi-
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Fig. 8. Influence of Y introduction on I-V
characteristics of the heterostructure. 1 — Si;
2 — SiY (67:33 at.%); 3 — Si.Y (90:10 at.%).

larity of dopant distribution for RE element
and oxygen is clearly traced that can be an
evidence for RE-O bond.

The introduction of RE dopants causes
considerable changes in electric conductivity
of the films. The dark current in Eu-doped
film is about three orders of magnitude
greater than in undoped one. The introduc-
tion of Y favors also the current increase.
Moreover, this increrase is in parallel with
the Y content in the initial alloy. So, intro-
duction of 10 and 33 at% of yttrium result
in growth of electrical conductivity by
about one and two orders of magnitude, re-
spectively. The difference in the influence
of these RE can be caused by higher reactiv-
ity of Eu.

The formation of anisotype and isotype
heterojunction on the p- and n-Si sub-
strates, respectively, is to note first of all
(Fig. 2). The isotype heterojunctions are
seen to be characterized by the presence of
double saturation that results in deteriora-
tion of rectifying properties. The anisotype
heterostructures demonstrate the rectifica-
tion factor at the level of 700 under 1V.
The electrical properties of heterojunctions
also undergo considerable changes when RE
dopants are introduced. But, in contrast to
films, the electrical characteristics of het-
erostructures are deteriorated as a rule.
Moreover, there is a difference in influence
of europium and yttrium on isotype and an-
isotype hetercjunctions. The current-voltage
characteristics (IVC) of heterostructures
based on Si:Eu films are characterized by
lower rectifying properties as compared to
structures without RE dopants. The intro-
duction of Y into films deposited on p-Si
substrates does not result in well-defined
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Fig. 4. Influence of RE introduction on cur-
rent-illumination characteristics of the films.
1, Si; 2, SiiY — 67:38 at.%; 3, SiiY —
90:10 at.%; 4, Si:Eu — 95:5 at.%. The inset
is the comparative diagram of photosensitiv-
ity coefficients of the films.

deterioration of (I-V) curves. At increased
deposition temperatures (>200°C), the IVC
demonstrate a more distinct rectifying than
structures without the impurities (Fig. 3).
Using the obtained films, photoreceivers
of resistive and diode type were realized.
The current-illumination characteristics
(LAC) were measured (Figs. 4, 5) and the pho-
tosensitivity coefficients were calculated as

Tpre = Ipm __ Tpie—Lym (9
(©y-D)-U (E;—E)-S-U

Kph =

where Kph is the photosensitivity coeffi-

cient; Iph’ photocurrent; ®, the light flux;
E, illumination; S, the sample area; U, the
LAC measurement voltage.

All samples demonstrate the sensitivity
to visible light that was revealed as the
photocurrent appearance under illumina-
tion. The sensitivity values depend on the
deposition temperature, the RE presence
and type. An improvement in photosensitive
properties is observed at elevated deposition
temperatures, while electric conductivity
undergoes the minimum influence of RE.
This can be related with specific features of
a dopant introduction into silicon matrix.
Namely: at low deposition temperatures
(<200°C), the RE impurities show more get-
ter properties, but in the high temperature
range (>200°C) those dopants act as traps
for minority carriers. The films with Y
dopant are characterized by photosensitivity
increased coefficient as compared to the Eu
doped ones (inset in Fig. 4).
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Fig. 5. Influence of RE introduction on cur-
rent-illumination characteristics of a heteros-
tructure. The curves are numbered as in Fig. 4.

The coefficient of UV sensitivity is cal-
culated as (3):

I
_ _ph 3)
Ky = o

where K, is the UV sensitivity coefficient;
P, the light flux rate.

The properties of a heterojunction are
defined mainly not by the film properties
but by quality of the film/substrate bound-
ary. The fact, that character of Eu and Y
influence on electrical and optical proper-
ties of heterostructures are the same is an
evidence of this statement. As well as for
dark current, a decrease of photocurrent
under introduction of RE impurities (Eu, Y)
is observed in isotype heterostructure, but
for anisotype ones, improved optical proper-
ties take place at certain deposition tem-
peratures (Fig. 5). The europium dopant
provides a more influence on UV sensitivity
of a heterojunction than yttrium, that can
be explained by the specific structure of Eu
energy levels, allowing to absorb UV radia-
tion more efficiently than Y.

In valve regime of photodiode, the value
of open circuit voltage (V,.) was measured.
The isotype structures do not demonstrate
photoelectric effect, regardless of prepara-
tion conditions and chemical composition,
while anisotype heterojunctions reveal the
open circuit voltages of 120 to 400 mV.
Such distinction is explained obvicusly by
forming of a rather high barrier at the
film/substrate boundary in anisotype het-
erojunctions. The incorporation of RE im-
purities at the rate of about 30 at.% at
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100-200°C deposition temperatures results
in an increased V.. So, maximum values of
open circuit voltage in thin film photoelec-
tric converters on the base of pure silicon
films (250—300 mV) can be improve by in-
troducing europium (380 mV) or yttrium
(400 mV).
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TOHKOILIIIBKOBI KpeMHi€Bi KOMIIO3UTH,
JIeTOBaHi €BpOIlieM Ta iTpiem

B.M.Koganwv, I0.C.Heuyza

HocaigskeHo ckiajn, ximiuni Ta OomTHMUYHI BJIACTMBOCTI ILIIBOK KPEeMHi€BHUX KOMIIOBUTIB 3
moMimrkaMu pigkicHosemMesbHUX ejleMeHTiB. BusHaueHO BIJIMB TeMIepaTypu OCAMKEHHS Ta
TUNY OigKJIagKN Ha BaacTuBocTi miaiBok. IloxkasaHo, mio 1mi marepiany MOMKYTb CTAHOBUTU
iHTEepec mJd CTBOPEHHS TOHKOILIIBKOBUX (DOTOPE3HUCTOpPiB, (oTomioniB, cencopis Y® Bum-
pomiHOBaHHSA Ta (POTOEJIEKTPUUYHUX IIePEeTBOPIOBAUiB.
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