TBepﬂOTeJ'I bHasA 3NEeKTPOHMKa

TeepdomenbHas 3JIeKMPOHUKa

UDC 621.382, 621.383

A.V. Borisov, Ph.D., L.N. Korolevych, N.V. Maksimchuk, Ph.D.
National Technical University of Ukraine “Kiev Polytechnic Institute”,

Peremogy ave., 37, Kyiv, 03056, Ukraine.

Al/nanocrystalline CeO,/Si/Al structures for heterojunction
photodetectors

A stable metal/nc-CeO,/Si structures were
fabricated and investigated for the creation of
heterojunction photodetectors. The photosensitivity
of obtained structures in the visible range was
330 uA/im-V. The value of the interface state
density was of 7:10"° cm®eV'. DC dielectric
constant of nanocrystalline CeO, film was about
156. Thin (80 nm) cerium oxide films in Al/nc-
CeO,/Si/Al structures were obtained by the vacuum
flash  evaporation method. The effect of
technological factors on the CeO, films
microstructure as well as on photoelectric
properties of the Al/nc-CeO,/Si/Al structures has
been investigated. Electrophysical and
photoelectric properties of the Al/nc-CeO,/Si/Al
structures has been investigated. It was revealed
that the nanocrystalline CeO, layer in the obtained
Al/nc-CeO,/Si/Al structures is a semiconductor with
an electronic conductivity. It's volume resistivity is
within the range of 0.5-30 MOhm-cm. Reference 9,
figures 2.
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Introduction

Cerium oxide has become a promising material
for silicon microelectronics because at least of
three reasons: i) with its high dielectric constant
(20—-26), CeO, is considered as a candidate for
replacing SiO; in silicon devices, for example, as a
storage capacitor in dynamic random access
memory devices; ii) excellent lattice match with
silicon, which means a very good epitaxy on
silicon; iii) good chemical stability, iiii)
inexpensiveness [2,3,4]. However, to bring the
CeO,/Si system to the level of maturity needed for
commercial devices, extensive investigations are
stil needed, especially on the structural
characteristics of CeO, films after some standard
microelectronics processes.

There are several candidates for possible
materials to replace SiO,: SizN4, ZrO,, YSZ, Ta,0s,
HfOz, TiO,, SrTiOs;. Each dielectric has its own

advantages and disadvantages [6]. The cerium
oxides have properties that match or exceed those
of all the other materials listed and yet have been
studied far less than all the others in terms of their
use as a gate dielectric. Again it is clear that CeO,
has properties equal or superior to those of the
other materials shown above in terms of qualities
for forming a silicon heterostructure [6].

But very little is known about cerium oxide and
a great deal of research are needed to determine
its utility as a silicon heterojunction material. In
general the behavior of cerium oxides in thin film
form prior to this effort was poorly understood.
Based on the analysis of publications devoted to
the study of cerium oxide films it also was
determined that properties of the cerium oxide films
and their quantitative relationships with the
technological parameters are studied insufficiently.

The aim of this work was to prepare Al/nc-
CeO,/Si/Al structures and investigate the effect of
technological factors on CeO, films as well as on
photoelectric and electrophysical properties of the
received structures.

Experimental and Discussion

Thin (80 nm) cerium oxide films in Al/nc-
CeO,/Si/Al structures were obtained by the vacuum
flash evaporation method from CeO, powder [8].
The substrates used were n- and p-type Si (111)
wafers  chemically cleaned by  standard
microelectronic technology process. Evaporation of
CeO, was carried out in vacuum ranging from 107
to 102 Pa. The temperature range was 175-
300°C. [1,5,7].

Microstructure of the obtained CeO, films was
studied by transmission electron microscope (TEM)
MEM ¥Y-M (0.21 nm resolution, 125 kV accelerating
voltage) and X-diffractometer DMAX - B Japan [5].
The structural properties of cerium oxide films have
been studied using X-ray photoelectron spectros-
copy (XPS) (SERIES 800 XPS, Kratos Analytical,
X-ray tube with a magnesium anode (U9=12 kV,
=30 mA).
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Photoelectric properties of the obtained
structures based on the cerium oxide films were
studied with the help of lux-ampere characteristics.
Electrophysical properties of Al/nc-CeOx/Si/Al
structures were studied by method of |-V (current-
voltage) characteristics. The method of high-
frequency Cc-v (capacitance-voltage)
characteristics was used to study the CeOx/Si
interface [5]. The measurements were carried out
at the frequency of 12 MHz.

The XPS spectra (Fig. 1) of cerium oxide films
deposited at 175°C showed the characteristic
peaks attributed to trivalent ce* (forming Ce,03)
and weak peaks which correspond to tetravalent
ce* (forms CeO,). These results correlate with the
data obtained via TEM and X-ray diffraction (XRD)
analyses which revealed that CeO, nanocrystals in
an amorphous Ce,0O; matrix are formed at low
substrate temperatures (Ts=175°C). The
amorphous phase is represented by Ce,O3, while
nanocrystalline — by CeO, with face-centered cubic
crystal lattice.

Comparison of the results obtained from TEM,
XPS and XRD analyses for CeOy films obtained at
higher substrate temperatures T, (200°C and
300°C) gives grounds to conclude that the “flash”
method gave nanocrystalline films of CeO, (111)
with the CaF, structural type with no amorphous
phase inside them. Also TEM investigations of
CeOy films deposited at 300°C revealed changes in
film morphology. These changes are probably due
to the defects caused by the mechanical stresses
in CeOy films.
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Fig. 1. Ce3d XPS spectra for cerium oxide films de-
posited at different substrate temperatures

Photovoltaic properties of any films, as well as
of any structure on their basis, depend strongly on
their microstructure, morphology and chemical
composition, which are primarily determined by
technological conditions of film fabrication. That's
why we had studied the effect of substrate tem-
perature and type on photovoltaic properties of the
obtained Al/nc-CeO,/Si/Al structures.

For investigation of photoelectric properties of
the  Al-ncCeO,-Si-Al  structures, lux-ampere
characteristics were measured (Fig. 2). Al-ncCeOx-
Si-Al  structures were observed to have
photoconductive properties when illuminated by a
white light source. The calculated photosensitivity
coefficients of the investigated structures on the
basis of n-Si were higher compared to those of the
structures on the basis of p-Si. Moreover the
photosensitivity of Al/nc-CeO,/Si/Al structures with
p-Si did not depend on the substrate temperature,
whereas n-Si structures with CeO, film received at
200°C showed a sufficient maximum of
photosensitivity coefficient (330 umA/ImV).
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Fig. 2. Lux-ampere characteristics of Al/nc-
CeO,/Si/Al structures for different substrate

temperatures of CeOy film deposition

The method of high-frequency C-V
characteristics was used to study the cerium oxide
film/monocrystalline  silicon interface.  The
investigation of the influence of substrate
temperature on the interface state density (Ng)
revealed that Ngs increased with temperature rising
from 710" to 1.9-10" sm?eV'. These results
have a good correlation with our preliminary inves-
tigations of microstructural properties of CeO, films
and photoelectrical characteristics of the obtained
MOS structures. It also was found that nc-CeQO,/Si
structures where CeO, film was obtained at 200°C
had the minimal value of Ng (7-1010 sm'z-eV'1),
which is 15 times lower than the state density of
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SiO,/Si interface. Also typical value of the DC
dielectric constant € of the obtained CeO, films was
on the order of 10-15 which is 3-4 times higher
than € of the most commonly used SiO,.

Thus from the results obtained from TEM, XPS,
XRD-analyses, lux-ampere and C-V characteristics
it can be concluded that increasing the substrate
temperature from 175 to 200°C leads to the growth
in photosensitivity and reduction of interface states
density at the film/substrate interface. This is
caused by the transition from amorphous to
nanocrystalline phase in CeO, films and also by
changes in the composition (from two-phase Ce,0;
and CeO, to single-phase CeO,) of the cerium ox-
ide films produced by the flash evaporation.

At the temperature of 200°C the ordered
nanocrystalline CeO, and Al/nc-CeO, /Si/Al struc-
tures with the minimum value of the interface state
density (7:10" cm?eV™") and increased photosensi-
tivity (330 umA/ImV) are formed.

Further increase of the substrate temperature
up to 250-300°C leads to deterioration of the above
mentioned properties due to the changes in the
morphology and phase composition of the CeOy
films.

Based on the synthesized Al/nc-CeO,/Si/Al
structures we can develop new types of
heterostructure diodes and photodiodes with
improved electrical characteristics.

The specifics and difficulty of measuring of C-V
characteristics led to the more thorough analysis of
the structures. That entailed measuring of the DC I-
V characteristics. The full analysis of IV
characteristics and their comparison with C-V will
be presented in the next publications. We noted
that the nc-CeO,/Si junction has rectifying
properties, and the resistance of high-resistivity
layer of nanocrystalline CeOy is within the 500-
3000 Ohm, which corresponds to a volume
resistivity of 0,5...30 MOhm:cm. It was also
revealed that nanocrystalline CeO, layer in the
Al/nc-CeO,/Si/Al structures is a semiconductor with
electronic conductivity.

Conclusions

The present work shows that application of
inexpensive flash evaporation method of CeO,
films deposition at relatively low temperatures (200
— 300 °C vs 1100 — 1300 °C needed for SiO,
growth) not only simplifies the technology of
producing of CeO, films, but also enables
fabrication of semiconductor/dielectric interfaces of
enhanced quality. The latter plays an important role
in MOS electronics and is very promising.

Al/CeO,/Si/Al diode structures with improved
electrical characteristics, namely - the value of

interface state density of 7:10'"° sm®eV™" (15 times
lower than state density of SiO,/Si interface) and a
high value of DC dielectric constant e=10+15 (3+4
times higher than that of the most commonly used
SiO,) - have been obtained.

It was experimentally determined, that the best
characteristics for creation of heterojunction
photodiode structures were demonstrated by the
cerium oxide films deposited by explosive
evaporation on n-type substrates at the
temperature of 200°C. These technological
conditions  promote formation of ordered
nanocrystalline CeO; films and a minimum value of
the interface state density (7-1010 cm'z-eV'1) at the
film/substrate interface which explains the
increased photosensitivity.

Based on the synthesized Al/nc-CeO,/Si/Al
structures we have received new types of
heterojunction  photodiodes  with  increased
photosensitivity (330 ymA/ImV).

Heterojunction photodiodes based on cerium
oxide films obtained in this work could become a
new basis for efficient photodetectors within the
visible range, - in particular the photodetectors of
luminescent signal, - instead of the costly and
technologically complicated avalanche photodiodes
and photomultiplier tubes.

The nc-CeOy, layer in the obtained Al/nc-
CeO,/Si/Al structures is a semiconductor with an
electronic conductivity. It's volume resistivity is
within the range of 0.5-30 MOhm-cm.
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Ctpyktypu Al/HaHokpucTtaniuHmm CeO,/Si/Al gna ¢poToaeTekTopiB Ha
OCHOBI reteponepexoay

BuzomoeneHo ma docnidxeHO cmpykmypu memarsn/HaHokpucmarniyHulu-CeO,/Si 3 Memor cmeopeH-
Hs omomodemexkmopie Ha 0cHosi eemeporepexody. Pomoyymugicms ompumMaHUx cmpykmyp y eudu-
mMomy diana3soHi cmaHosums 330 MKA/IMB, eycmuHa nosepxHesux cmawie — Ha pieHi 7-10"° cv?eB™.
HienekmpuyHa npoHukHeHicmb nnisok CeO, Ha nocmitiHoMy cmpymi cmaHosumps 15, Towki (80 Hm) nnie-
Ku okcudy uepito 8 cmpykmypax Al/nc-CeO,/Si/Al bynu ompumaHi Memodom «8ubyxoeo20 8urnaposysaH-
Hsx». Byno docnidxeHo ernnue mexHonoaidHux ¢hakmopie Ha Mikpocmpykmypy nnieok CeO,, a makox Ha
gomoenekmpuyHi enacmusocmi cmpykmyp Al/nc-CeO,/Si/Al. JocnidxeHo enekmpogisu4Hi ma gpomoe-
nekmpudyHi enacmusocmi cmpykmyp Al/nc-CeOQ,/Si/Al. BusisrneHo, wo HaHokpucmarniyHa rnieka CeOy 8
ompumaHux cmpykmypax Al/nc-CeQ,/Si/Al — ue HanienpogidHUK 3 eIeKMPOHHUM MUroM e51eKmporposi-
OHocmi ma 06’eMHUM oriopom 8 mexax 0,5-30 MOm-cm. bion. 9, puc. 2 .

KnrouoBi cnoBa: ezemeponepexid, HaHokpucmaniyni rnieku okcudy uepiro, MLH-cpomodiod, cmpyk-
mypa Al/CeOx/Si/Al, CeOx.
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CTpykTypbl Al/HaHokpucTtannuyeckumn CeO,/Si/Al pna cpoToaeTeKkTo-
poB Ha OCHOBe retepornepexoaa

UszomoeneHbl u uccredo8aHbl CMpPyKmMypbl Memar/HaHokpucmarnnudyeckuli-CeOx/Si ¢ yenbro cos-
OaHusi ghomodemeKkmopos Ha ocHoge eemepornepexoda. PomoyyscmeumesisHOCMb  OYyYEHHbBIX
cmpykmyp 8 sudumom AuarnasoHe cocmasrnsem 330 MKA/SIM-B, ninomHOCmMb Mo8epPXHOCMHbBIX COCMOSI-
Huli — Ha yposHe 7-1010 cm-2-eB-1. [Juanekmpudeckas npoHuyaemocms rrneHok CeOx Ha nocmosiHHOM
moke docmuzaem 3HadeHus 15. ToHkue (80 HM) nneHku okcuda uepusi 8 cmpykmypax Al/nc-CeOx/Si/Al
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6binu nosnyyYeHsl MemodoM «83PbIBHO20 UcnapeHus». MiccriedogaHo 8rusiHUE MEeXHOIo2UYECKUX hakmo-
pos Ha Mukpocmpykmypy nneHok CeOx, a makxe Ha ¢homoaniekmpuyeckue ceoticmea cmpykmyp Al/nc-
CeOx/Si/Al. UccnedosaHbl anekmpoghusudeckue u ¢homoaniekmpudeckue ceoticmea cmpykmyp Al/nc-
CeOx/Si/Al. ObHapyxeHo, Ymo HaHoKpucmariudyeckas nneHka CeOx 8 rory4eHHbIx cmpykmypax Al/nc-
CeOx/Si/Al — amo nosynpo8oOHUK C 311€KMPOHHLIM MUMOM 3/1€KMpornpo8odHocmuU U 06 bEeMHbIM COrpo-
mueneHuem 8 npedenax 0,5-30 MOm-cm. bubn. 9, puc. 2.

KnioueBble crnoBa: zemeporiepexod, HaHOKpucmarsudyeckue rneHku okcuda uyepus, MAl-
gomoduod, cmpykmypa Al/CeOx/Si/Al, CeOx.
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