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Multiangular ellipsometric examinations of amorphous germanium films have been
carried out. The films were obtained by deposition in vacuum onto the semi-insulating
single-crystalline GaAs (100) substrates. The multiangular ellipsometric measurements
procedure is presented providing the determination of the reflecting system parameters. It
is found that an oxide layer, 4 to 8 nm thick, is formed on the film surface. The refractive
indices of this layer in the 313-579 nm spectral range and optical constants of the
amorphous Ge film have been measured.

IIpoBeeHBl MHOTOYIJIOBBIE BJIJIUIICOMETPUUYECKNE WCCIENOBAHUS aMOP(MHBIX IJIEHOK rep-
MaHUs, MOJYYEHHBIX METOAOM OCAKAEHUS B BaKyyMe HA MOAJOKKU M3 IOJYyU30JUPYIOIIEro
MoHOKpHucTamandeckoro GaAs (100). Mznoxkena MeTonuka o6pabOTKM MHOTOYIJVIOBBIX JJIJIMII-
COMETPUYECKNX M3MEDPEeHUI, KOTOpasa MO3BOJIAET HAWTH IapaMeTpPhl OTPaKaloIleidl CHCTEMBI.
OGHapyIXeHO, UTO Ha MOBEPXHOCTU ILJIEHOK 00pasyeTcs OKMCHBIM CJIOM TOJIUHON oT 4 mo
8 um. VsmepeHBI IIOKas3aTeau IIPEJOMJEHUS 3TOTO CJOA B CIEKTPaabHON ob6gactu 313—
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579 HM ¥ ONTUYECKUNE IMOCTOSHHBIE IJIEHKU aMopchoro repMaHuA.

The Ge/GaAs heterostructure is of inter-
est for both fundamental investigations and
practical applications. A number of devices
have been developed on its basis, such as pho -
todetectors [1—-4], diodes [5, 6], temperature,
strain and magnetic field sensors [7, 8]. A
characteristic feature of the Ge/GaAs het-
erostructure is that the lattice constants of
Ge and GaAs are close to each other. The
relative difference between them is 0.08 %.
In this respect, the above heteropair is ideal.
Besides, the linear expansion coefficients for
both materials are essentially the same over a
wide temperature range. All the above facts
provide favorable conditions for epitaxial
growth of Ge films on GaAs substrates and
enable to obtain both Ge films and heterto-
junctions of perfect structure.
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The structural perfection degree as well
as the structural defect concentration in Ge
films obtained using evaporation in vacuum
depends mainly on the temperature of GaAs
substrate during film deposition. Single-
crystalline Ge films on GaAs are obtained
at temperatures over 450°C (in some cases,
it may be 300°C). Even at low (200-300°C)
substrate temperatures, Ge films are as a
rule polycrystalline. Amorphous Ge films
are obtained usually by deposition onto a
substrate at a temperature close to room
one. Many researchers have investigated the
electrical and optical properties of amor-
phous Ge films on various substrates
[9-15]. However, the amorphous Ge films
on GaAs substrates have not been studied in
essence. The properties of amorphous Ge
are well known to depend essentially on the
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preparation technique and conditions as well
as on the subsequent heat treatment [9].

This work deals with ellipsometric studies
of amorphous Ge films on GaAs. Ellip-
sometry is highly sensitive to the sample
properties in the near-surface region. It en-
ables one to determine the structure and pa-
rameters of a system that is formed when
depositing a semiconductor film onto a sub-
strate. We determined the refractive and ab -
sorption indices for an amorphous germa-
nium film as well as the refractive index and
thickness of the oxide layer on this film.

The films were prepared using thermal
evaporation of Ge in vacuum (at a pressure
of 300~% Pa) onto substrates made of sin-
gle-crystalline semi-insulating GaAs (100).
The substrates were subjected to chemical
dynamical polishing. Just before the film
deposition, the substrates were etched to re-
move the damaged surface layer and held in
vacuum (at a pressure of 31074 Pa) for one
hour at a temperature of 550°C. During the
film deposition, the substrate temperature
was about 120°C. The film thickness, d, was
1.2 pym. The prepared samples were kept in
air for a long time (several months).

The film structure and crystal lattice pa -
rameters were examined using electron dif -
fractometry. Ellipsometric measurements
were performed using a version [16] of
Beattie photoelectric technique where the
ellipsometric parameters, cos A and tg U,
are measured, (A is the phase difference be-
tween the orthogonal projections of the
electric vector of light wave; tg (), the ratio
between the reflection coefficients for these
projections at a fixed angle of incidence).
The measurements were performed at seven
spectral lines of the mercury lamp emission
in the 313-579 nm wavelength range,
within a wide range of the probing beam
incidence angle on the sample under study.
The ellipsometer was calibrated using a sili-
con wafer with essentially time-constant op -
tical properties due to a protective native
oxide film on its surface. Before the meas-
urements, the sample surface was etched
for 3—10 min in 3-20 % water solution of
hydrogen peroxide.

Electron diffractometry has shown that
the films studied had an amorphous struc-
ture (Fig. 1a). Heating of samples at a tem -
perature of 300+20°C in the instrument col-
umn resulted in the film crystallization,
i.e., the amorphous phase transformed to
polycrystalline one (Fig. 1b). Such a film
consists predominantly of crystalline grains
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Fig. 1. Electron diffraction patterns of Ge
films: a — initial; b — after thermal anneal-

ing at T = 300+20°C.

of several tens nm in size. The point reflec-
tions from large crystallites were observed,
too.

In Fig. 2 presented are the angle depend -
ences of ellipsometric parameters obtained
at two wavelengths from the spectral range
studied. These dependences are monotonic.
This evidences a considerable thickness of
the outer surface layer, of the amorphous
Ge film, so the probing light beam does not
penetrate through the film to the GaAs sub-
strate. In fact, the depth of the probing
beam penetration into the film is about
20 nm only, due to high light absorption in
Ge, while the Ge film thickness is 1.2 um.
Therefore the reflected light wave (that is
analyzed in ellipsometric studies) is formed
near the outer surface of Ge film.

From the measured ellipsometric parame -
ters of the reflected light wave one can de-
termine optical constants (refractive and ab -
sorption indices) of the film, as well as its
thickness and the refractive index of an
oxide layer on its surface. This is done
using the iteration technique [17], provided
that the number of unknown parameters
does not exceed two. If, however, the ellip-
sometric data are obtained for the same
structure at different (unknown) thickness
of the surface oxide layer, then one can
bypass the problem of iteration procedure
divergence and determine all the four pa-
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Fig. 2. Ellipsometric parameters vs angle of
incidence curves at a wavelength a —
A =435 nm and b — A = 579 nm. The curves
were calculated from the ellipsometry equa-
tion using the following parameter values:
a — ng=4.723, kgy=2.642, n,=2.14,
d; = 5.2 nm and b — ng = 5.256, k3 = 1.464,
n; = 2.09, d; = 5.5 nm. Squares and circles —
experimental results.

rameters of a reflecting system, involving
the unknown thicknesses of an oxide layer.
Oxide layers formed on Ge surfaces are
known to be not resistant against external
factors [17]. That is why the used procedure
of sample cleaning with a weak water solu-
tion of hydrogen peroxide for different time
intervals (in the range of several minutes)
provides different oxide layer thicknesses
for the same surface of amorphous Ge. Dur-
ing the air exposure, the oxide layer thick -
ness increased again. The refractive index
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Fig. 3. Ellipsometric parameters of amor-
phous Ge films. The curves are calculated at
different values of refractive index n; of the
oxide layer. (I — 2.2, 2 — 2.3, 3 — 2.4).
Squares and circles present the experimental
results obtained at different degrees of oxide
removal from the surface. The oxide layer
thicknesses (in nm) are indicated at the
curves.

of the oxide layer was assumed to be inde-
pendent of the sample surface treatment.

From the measurements, a set of ellip-
sometric data was obtained corresponding to
the same film (amorphous germanium) but
to different oxide film thicknesses. The el-
lipsometric parameters, cos A and tg |, are
different at each fixed angle of incidence.
This makes it possible to determine the un-
known parameters of a reflecting system.
Fig. 3 illustrates the experimental data ob -
tained for several wavelengths from the
spectral range studied. The points in the
figure correspond to the measured values
obtained at different degrees of surface
cleanness. The experimental pairs of cos A
and tg P values fit in certain curves resem-
bling theoretical ones describing the ellip-
sometric parameters in the case when only
the oxide layer thickness is changed. We
shall refer to these curves as the constant
refractive index (CRI) curves. The CRI
curves begin at a point corresponding to
zero thickness of the oxide layer (i.e., to
the case of amorphous Ge film free from
oxide). In determination of both oxide layer
and film parameters, the problem is how to
find such the starting point position where
the refractive index value for the oxide
layer remains the same along the experi-
mental CRI curve.
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Table. Refractive index n; and thickness d; of the oxide layer, refractive index ns and absorption
index k5 of amorphous Ge at various wavelengths A

A, nm ny dy, nm ng kg ng [12] kg [12]
579 2.2 5.26 1.46 4.1 2.15
579" 2.09+0.03 5.5+0.1 5.26 1.46
546 2.2 4 5.11 1.86
492 2.4 4.2 4.96 2.30 3.5 2.6
435 2.3 4.72 2.64
435" 2.15+0.02 5.2+0.2 4.72 2.64
405 2.4 4.9 4.45 2.98 3 2.8
365 2.4 4.6 4.13 3.31
313 2.5 4.3 3.67 3.79 2 3

* Obtained from multiangle measurements

We have determined the parameters of
the germanium film and oxide layer in sev-
eral stages using a self-consistent proce-
dure. First, the distribution of experimental
points in Fig. 83 was described using a
square-law approximation formula. Then,
the trial-and-error method was used to de-
termine the starting point (i.e., cos Ay and
tg Yy) at the extention of the approximat-
ing curve providing the same value of the
oxide layer refractive index at different
points of the approximating curve. In this
case, care was taken that thickness values
corresponding to different wavelengths
were the same. The oxide layer parameters
were calculated using the iteration tech-
nique [17].

We managed to determine the required
starting points for all the wavelengths stud -
ied. The corresponding theoretical curves
that describe the obtained experimental
data were calculated using ellipsometry
equations for a single-layer system. These
curves are shown in Fig. 3 with solid lines.
The optical constants, ng and k3, of the
germanium film were calculated from the
cos Ay and tg Y, values using the metal
optics expressions [19] for a semi-infinite
medium. The optical constants of the ger-
manium film and parameters of the oxide
layer on the film surface calculated for dif -
ferent wavelengths are given in Table. A
great scatter in experimental values with
respect to the oxidation curve is due to un-
controllable factors that accompany the
etching process. Besides, different CRI
curves are close to each other at small layer
thicknesses (i.e., near the starting point).
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As a result, the refractive index is deter-
mined at a considerable error. The results
obtained indicate that at small (below 10 nm)
thicknesses the oxide layers studied were uni -
form. In fact, the experimental points for the
samples of different degrees of surface clean -
ness fit in the CRI curves calculated within
the single-layer model. Besides, the angular
dependences of ellipsometric parameters cal-
culated using the obtained values of optical
constants agree well with the experimental
results obtained from multiangular measure -
ments (see Fig. 2).

The authors of [20] also observed that
the structure of GeO, films (prepared using
high-temperature oxidation of single-crys-
talline germanium) appeared uniform at
thicknesses below 150 nm. A deviation from
uniformity was observed at somewhat larger
thickness values. Non-uniform GeO, films
(obtained using stepwise high-temperature
overgrowing) were also observed in [21].
The refractive index of the oxide layer ob-
tained by us that drops from 2.5 to 2.1 in
the 313-579 nm spectral range agrees with
the value 1.9%10 % that was obtained in
[22] at the 546 nm wavelength when oxidiz-
ing germanium at room temperature.

The authors of [20, 23] who studied
films obtained by thermal oxidation of ger-
manium at high temperatures relate these
films to germanium dioxide, the refractive
index being close to 1.65 at 632.8 nm. Ge
oxidation in air results in formation of
monoxide with its further fast oxidation to
GeO, or, at least, decomposition into Ge
and GeO, [17]. Therefore, there is a reason
to believe that the oxide layers studied by
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us consist of Ge dioxide. Somewhat en-
larged (as compared to the reference data)
refractive index may be due to the existence
of unbound Ge in the oxide layer bulk. The
oxide layer thickness depends on the dura-
tion of film keeping in air and degree of
surface cleanness. It is seen from Fig. 3
that for the samples studied the initial
oxide layer thickness is about 8 nm. It may
be reduced at least by half using etching in
hydrogen peroxide.

In [12], ellipsometry was used to study
germanium transition from amorphous to
crystalline state in films deposited onto a
substrate at different substrate tempera-
tures. The measurements were performed on
freshly prepared films, the optical constants
were calculated without taking into account
the oxide layer. The optical constant values
obtained in [12] for the films prepared
rather similarly to our case (at a substrate
temperature of 100°C) are in good agree-
ment with our results if our data were proc -
essed within the semi-infinite medium
model (i.e., without accounting for oxide
layer). Taking into account an oxide layer
enabled us to obtain more reliable values
for optical constants of amorphous Ge, dif-
fering considerably from the reference data
(see Table). Thus, even on freshly prepared
Ge films, there exists several nm thick
oxide layer. It is to be taken into account
when determining the optical constants of
films (e.g., in the way used in this work). It
should be noted that investigations of Ge
optical constants in the visible spectral re-
gion are of great importance, since the
spectral structure due to intraband transi-
tions in the case of single-crystalline germa -
nium is observed here. This structure is
rather sensitive to the crystal state. It var-
ies considerably depending on the Ge film
preparation conditions. We have shown that
it is also sensitive to the oxide layer thick -
ness. That is why taking oxide layer into
account is essential.

Thus, our ellipsometric studies enabled
us to determine optical constants of both
the amorphous Ge film and oxide layer on
its surface. Considering the results ob-
tained, the single-layer model has been
shown to be suitable for multiangular ellip -
sometric measurements when light is re-
flected from amorphous germanium. This
evidences that the oxide layer formed on
the film surface in air is uniform. The
oxide layer thickness after long-term keep -
ing in air may reach 8 nm, its refractive
index being close to that of germanium
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dioxide. Etching in aqueous solution of hy-
drogen peroxide reduces the layer thickness
several times.

Spectral dependences of amorphous Ge
optical constants have been obtained under
account for oxide layer. These dependences
evidence that there is no structure similar
to that in the corresponding spectra of sin-
gle-crystalline Ge. Taking an oxide layer on
the Ge film surface into account enabled us
to obtain more reliable values of optical
constants for amorphous Ge.
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ExincomeTpuuHi JOCHiAKEeHHA ILIIBOK
aMop(}HOro repMaHil0 Ha HmiAKJIaTKaX
i3 MOHOKPHMCTAJNIYHOTO apceHigy raiiro

B.A.Odapuw, O.B.Pydenrxo, M.Il.Cemenvro,
P.B.Konaxoeéa, B.d.Mimin, B.B.Xoneswyx

IIpoBeneHo 6araToKyTOBi esimmcoMeTpUYHiI JOCHiAKeHHA aMOP(GHUX IJIiBOK repMaHiio, OT-
PUMaHUX METOJOM OCa[KeHHA y BaKyyMi Ha HmifKJIaAKK 3 HaIiBi30JI0I0UOT0 MOHOKDPHUCTAJIiU-
moro GaAs (100). Bukiageno MeTOOUKY 0OpOOKHM 6araTOKyTOBMX €JIilICOMETPMYHUX BUMipiB,
KOTpa [JO3BOJISIE 3HANTM IapaMeTpu BigOmBaiouoi cucTeMu. BusABIeHO, IO HaA IOBEPXHI
MJIiBOK YTBOPIOETHCS OKUCHUM I1ap Big 4 mo 8 HM 3aBTOBIIKHK. BUMIpAHO MOKA3HUKU 3aJI0M-
JIeHHS IILOTO IIIapy B CIEeKTpaJibHiM obsacTi 313—-579 uM i onTuuHi cradi mIiBKM aMoOp@dHOro
repMaHiro.
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