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Thin films of germanium and germanium with 1.05 % gallium are prepared by thermal deposition in
vacuum on gallium arsenide substrates. The thickness of the films was 1 um, the thickness of the sub-
strates was 300 pm, the growth rate of the films was 1.75 A/s. The studies were carried out by methods of
profilography of the film surface, absorption spectroscopy and electroreflectance of light. In the films and
at the interface, the band gap, the spectral broadening parameters, the energy relaxation time of the light-
excited charge carriers, and the mechanical stresses were determined. The additional germanium-gallium
interface boundary has been identified. The tensile stresses 6.8-108 Pa on it were greater than the com-
pressive stresses 2.6 108 Pa at the film-substrate interface.

Keywords: Heteroepitaxy, Internal mechanical stresses, Absorption and electroreflectance, Band struc-
ture, Electronic parameters of the films and substrate.
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1. INTRODUCTION

Physical properties of heterosystems are not the sum
or averaging of the properties of the film and the sub-
strate. They acquire new properties, because mechanical
stresses and additional electronic states appear on the
film-substrate interface. This changes the band struc-
ture of the film and substrates, their electronic and opti-
cal properties.

Ge/GaAs heterosystems are used in electronic and
sensing technology for the production of photodetectors,
temperature and deformation sensors, as well as mag-
netic field ones [1, 2]. Germanium films on gallium ar-
senide are also used to create resistance thermometers
that cover the temperature measurement range from
0.03 to 500 K, and for creation of bolometers [2]. Im-
provement of the existing and creation of new types of
sensors based on Ge/GaAs heterostructure require the
development of new technologies for their manufacture.
The physical properties of fullerenes Ceo and fullerenes
with the addition of metals (Ti, Cu) on glass and silicon
substrates were investigated in [3] by methods of profil-
ography of film surfaces, atomic force microscopy, spec-
troscopy of absorption and electroreflectance of light.
The films were obtained by thermal evaporation of met-
al and fullerenes simultaneously from various sources of
evaporation. In heterosystems with metal-fullerene
films, two interfaces were found: film-metal and film-
substrate. They had different parameters of band struc-
ture and a different sign of mechanical stress. At the
metal-fullerene interface they were stretching, and at the
film-substrate interface, compressive stresses occurred,
less tensile stresses. The purpose of our work was to
create and study heterosystems with germanium films
and the addition of 1.05 % gallium, the determination of
their band structure, mechanical stresses and electronic
parameters.
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2. EXPERIMENTAL
2.1 Production of Heterosystems

Germanium films on GaAs (100) substrates were pro-
duced in a VUP-5M vacuum unit by thermal evaporation
in a vacuum of 10-4Pa with a growth rate of 1.75 As.
Their thickness was 1 micron, the thickness of the sub-
strate was 300 microns. The thickness of the films was
chosen from the considerations that the mechanical
stresses in them first decreased with increasing film
thickness and did not change after a thickness of 1 pm
(Fig. 1). Composite germanium films with 1.05 % gallium
were obtained under the same conditions as the germa-
nium film.

But before deposition, the Ga + Ge mixture was an-
nealed for 15 min at 500 °C. After the shutter was
closed, the following annealing was performed at 500 °C
for 30 min. The termoprobe showed the p-type conduc-
tivity of the films in both cases.
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Fig. 1 - Dependence of the internal mechanical compressive

stresses in Ge films on GaAs on the film thickness. The depo-
sition temperature was 300 °C
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2.2 Methods for the Study of Heterosystems

For the study of heterosystems, a complex of exper-
imental methods was used: the classical spectroscopy of
light absorption, the electroreflectance spectroscopy,
the measurement of mechanical stresses on bending of
heterosystems and on the change of the band gap width
in absorption and electroreflectance spectra.

Absorption spectra of the films were measured at
room temperature in the region of self-absorption edge.
The band gap width in them was determined by inter-
section of the straight line k2 =f(FE), where % is the ab-
sorption coefficient of light, and E is the photon energy.
By the shift of absorption edge, the sign and the value
of the internal mechanical stresses in the films were
determined.

2.3 Measurement of Mechanical Stresses in
Heterosystems

The sign and the value of the mechanical stresses in
the films were determined from the bending profile of
the heterosystems measured on the P-104 profilometer.
The bending of heterosystems up corresponds to the
appearance of mechanical compression stresses in films
and tensile stresses in the substrates. To determine the
value of stress, the Stony formula was used:

Ed? 1)

where E, d, v are the Young's modulus, the substrate
thickness and the Poisson coefficient of substrate respec-
tively; ¢ is the film thickness, R is the bending radius of
the heterosystem. For gallium arsenide, Young's modu-
lus is 84.8 GPa and Poisson coefficient is v=0.312 [4].

2.4 Spectroscopy of Light Absorption

From the absorption spectra of light in films, the
band gap width E; was determined by two methods: 1)
at the intersection of the line k%= f(E)) with the abscis-
sa axis, where k is the absorption coefficient of light
and E is the photon energy; 2) at the maximum of the
differential absorption curve of light. Both methods
gave the same value. The sign and the value of the me-
chanical stresses in the films were determined by shift
of the band gap width of the film in relation to the band
gap width of germanium single crystal (Eg = 0.798 eV).

2.5 Electroreflectance Spectroscopy

Electroreflectance spectroscopy has significant ad-
vantages over the classical light absorption spectrosco-
py. It is more resolution and informative. Electroreflec-
tance signal appears only in the area of direct transi-
tions and disappears when removed from them. The
method of electroreflectance provides information on
the band structure of semiconductors, the type of sur-
face conductivity, surface and interface perfection,
their electronic parameters and mechanical stresses.

Absorption and electroreflectance spectra were meas-
ured on our make equipment on the basis of a dual
monochromator DMR-4. The results of measurements
were automatically output to the monitor screen during
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the measurement, and a specially designed program
allowed determining the band gap width Eg, the type of
conductivity of semiconductors and broadening param-
eters of the spectra.

Measurements of electroreflectance spectra were
carried out in an electrolytic cell with 0.1 normal KCI
water solution at room temperature, the modulating
voltage did not exceed 0.3 V. The band gap width Eg,
the broadening of the spectra I, the energy relaxation
time of the light-exited charge carriers 7= A/I" were
determined by Aspens method. Parameter I' character-
izes the structural perfection of the surface of the film
and the substrate at the interface. The value and sign
of the mechanical stresses in the films and substrates
at the interface were determined by shifting transition
energy in the electroreflectance spectra.

3. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

The germanium lattice parameter is a = 0.5658 nm,
the gallium arsenide lattice parameter is a = 0.5654 nm.
The coefficient of thermal broadening in them coincides.
Therefore, in films of germanium on GaAs substrates,
the mechanical stresses are always compressive. The
value of the mechanical stresses in the films and at the
film-substrate interface was determined from the ab-
sorption and electroreflectance spectra. For direct tran-
sitions Fo to the region above self-absorption edge, the
dependence of the absorption coefficient 2 on the pho-
ton energy E has the form k2~ E — E;. Here E; is the
band gap width of the film. The value of E; was deter-
mined from the intersection of the straight line k2(FE)
with the abscissa (Fig. 2).

In crystals of germanium Eg;=0.798 ¢V, and in the
films it changes under the influence of mechanical
compression stresses: it increases with the coefficient
— 17101 eV/Pa. The band gap width in the films was
also determined by the maximum of the differentiated
absorption curve of the light (Fig. 3). Both methods
showed the same value Eg = 0.845 eV.

Fig. 4 shows the spectral dependence of k2 for ger-
manium film with gallium. It is seen that under the
influence of the compressive stresses that arose in the
heterosystem, the edge of the own absorption shifted to
the region of greater energies, which is typical for het-
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Fig. 2 — Spectral dependence of k2 for germanium film on
gallium arsenide in the region of Ey transition
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Fig. 3 — Determination of the band gap width at the maxi-
mum of the differentiated absorption curve
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Fig. 4 — Spectral dependence of k2 for germanium with galli-
um film

erosystems Ge/GaAs (Eg=0.82eV). Transition with
energy of 0.74 eV can also be seen to the left. Its ap-
pearance can be explained by the appearance of an ad-
ditional boundary between germanium and metal.

In the literature, there is no data on the change of
the band gap under the influence of internal mechani-
cal stresses in films of germanium. They were known
only for crystals. Therefore, we identified them experi-
mentally. For the Eo transition, dEg/dp =510~ 11eV/Pa.
Stretching tension of 5.8°10° Pa was greater than com-
pression stresses of 4.4 -10° Pa.

Under the action of mechanical stresses in the region
of Eo transition, degeneracy of light and heavy hole zones
was removed and a split of the signal appeared (Fig. 5).
The electroreflectance signal in this spectral region is
formed by transitions of electrons from the top of the
degenerate valence band into the conduction band in the
center of the Brillouin zone, and the signal Eo + Ao from
the split zone — into the conduction band. Here Ao is the
value of the spin-orbit splitting. Its value was 10 meV.

Table 1 shows the electronic parameters of the band
structure of the germanium films in the region of Eo:
and Eoz transitions.

In Fig. 6, the electroreflectance spectra of the films
in the region of the E1 + A1 transition are shown. The
value of the stresses in the films is 1.4 108 Pa that co-
incides with the value obtained from the bending of the
films by the surface profilography method. Heterosys-
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Fig. 5 — Electroreflectance spectra of the germanium film
(region of Eo and Eo + Ao transitions)

Table 1 — Energy parameters of the band structure determined
from the electroreflectance spectrum in the center of the Bril-
louin zone

Type of transition
Parameter Eo Eo2 Eox—Eo1 | Eo+ Ao
E, eV 0.84 0.85 0.01 1.142
I, meV 69 67 - 66
z10-15, s 9.5 9.8 - 9.9
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Fig. 6 — Electroreflectance spectra of the germanium films
(region of E1 and E1 + A; transitions)

Table 2 — Transition energy, broadening parameter and energy
relaxation time for transitions in the middle of the Brillouin
zone

Type of transition
Parameter E, Ei+ A A1
E, eV 2.15 2.33 0.18
I, meV 75 89
#10-15, s 9 7.4

tems bent the films up.

Table 2 shows the corresponding data for the E1 + A;
transitions.

In crystals and germanium films, the electroreflec-
tance signal in the region of the Ei1 and E1 + A1 transi-
tions does not split. Transitions with energies above and
below the band gap of germanium appear in germanium
with gallium films in the region of these transitions.

The tensile stresses in the films exceeded the com-
pressive stresses (Fig. 7).
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Fig. 7 — Electroreflectance spectra of the germanium with
gallium films (region of E1 and E1 + A; transitions)

15F

10 |

AR/R, arb. un.
o

N

170 175 180 185 1,9  1.95
E, eV

Fig. 8 — Electroreflectance spectra of the gallium arsenide
substrate (region of Eo + Ao transitions)
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In (Ge+Ga)/GaAs heterosystems, the value of me-
chanical stresses was determined by the bending of the
heterosystem, differing from the value determined by
the electroreflectance method. The heterosystem bent
the films down. This means the appearance of com-
pressive stresses in the films, and tensile stresses in
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strates in the region FEo+ Ao transition are shown in
Fig. 8. The band gap of GaAs is equal to E;=1.758 eV.
Its value, determined from electroreflectance spectra, is
1.806 eV. Thus, compression stresses and high tensile
stresses appeared in the substrate.

4. CONCLUSIONS

Heterosystems with thin films of germanium and
germanium with 1.05% gallium were obtained by
thermal evaporation in a vacuum of 10-% Pa. The
thickness of the films was 1 micron, the thickness of
the substrate was 300 microns. The experiment includ-
ed a set of research methods. These are classical ab-
sorption spectroscopy, electroreflectance spectroscopy,
measurement of the bending profile of heterosystems.
The sign and value of the internal mechanical stresses
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broadening parameters of the spectra and the energy
relaxation time of the light-excited charge carriers
were determined. The reason for the appearance of
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@izuka i TEXHOJIOriA reTepoCrCcTEM HA OCHOBI IJIIBOK repMaHiio i repMaHiio 3 rajxiem

€.®. Benrep, 0.10. Konsaaiua, [1.JI. Hemoba, B.B. Xonxeruyxk, JI.O. MaTtseesa, I.M. Matiok, B.®. Mitiu

Incmumym gpisuru nanienpogionukis im. B.€. Jlawkapvosa HAH Yxpainu, np. Hayxu, 45, 03028 Kuis, Ykpaina

TepMiuHIM OCAIKeHHAM y BAKyyMi Ha MIAKJIAAKAX apCEHIOy IaJiio OTPUMAHI TOHKI ILTIBKM FepPMAaHio 1
repmasio 3 1,05 % ramio. TopmuHa miBok Oyiaa 1 MM, ToBIHA mAkIagok 300 MKEM, MIBHIKICTH POCTY
wiIiBok Oyma 1,75 Ale. JocmimxeHHs mpoBegeHi MeTogamu mpodisorpadii IoBepXHI ILIBOK, CIEKTPOCKOIMIl
HOIJIMHAHHSA 1 eJIEKTPOBIIOMBAHHSA cBiT/Ia. B miiBKax 1 HA Mesi IOy BH3HAYAJIN IIMPHUHY 3a00POHEHOI
30HU, apaMeTpy VIITUPEHHs CIIEKTPY, Yac eHepreTUYHOl pesakcairii 30yIKeHMX CBITJIOM HOCIIB 3apsiay 1
MeXaHIYHI HANIPy:KeHHsI. BUSBIIEHO JOIaTKOBY MeKy IOy repMmaHiii-rami. Hanpyskesus posrsry Ha Hii
6,8 108 [Ta Oysu GiIbIIMMU HATIPYIKEeHDb CTUCHEHHA 2,6 108 [la Ha Mesxl MOmIIy ILTIBKA-IIIIKIIATKA.

Kmnrouosi ciosa: [erepoeritakcis, BayTpimnmai MexauivHi HampyeHHs, [[ormMHAHES 1 €JIeKTPOBII0NBAHHS
cBiTs1a, 30HHA CTPYKTYpa, EIeKTpoHHI ImapaMeTpy ILUTIBOK 1 MK K.
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