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This work is devoted to development of the basic principles
of designing sensors on the base of Ge/GaAs hetero-
structures. The Ge films grown on semi-insulating GaAs
substrates may be used as a universal scnsitive material for
manufacturing various physical sensors. The possibility of
manufacturing photodetectors and temperature, strain and
Hall sensors was demonstrated. In the case of Ge films on
GaAs, realization of a wide variety of electrical properties
needed for sensor design can be achieved by controllable
autodoping of Ge films. This is caused by high diffusion of
Ga and As atoms from the substrate into a growing film.,
The technology of sensor manufacturing developed by us 1s
an all-purpose one. It allows one to produce various sensors
in a unified technological process. © 1997 Elscvier Science

Ltd.

1. Introduction

t present various semiconductor materials are
Auscd in manufacturing a wide range of semi-
conductor sensors that are required by both
industry and experimental physics. These mate-
rials possess properties which enable the needed

sensor  sensitivity to be provided when
measuring temperature, strain, magnetic field,
etc. Different materials, as well as one-off tech-
nological procedures, are used to produce
sensors of different types. This fact substantially
increases the manufacturing costs and hampers
potentialitics for quick response to market
demands.

We have reported [1, 2] the possibility of devel-
oping an all-purpose technology for manufac-
turing various semiconductor sensors. In this
technology one and the same semiconductor
material is used, whose physical properties can
be varied over a wide range by a rather simple
control over the technological procedure.
Heteroepitaxial Ge-on-GaAs films are such a
material. In this paper we present how the
temperature sensors for a wide (1.5-450K)
temperature range, as well as strain and
magnetic field sensors and photodetectors, can
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be produced on the base of the above material
using a single technology.

2. Basic principles for designing sensors
on the base of Ge/GaAs heterostructures

The choice of Ge/GaAs heterostructures as a
sensitive material for sensors is based on the
following principal reasons. Firstly, for Ge films
on GaAs it is possible to realize a wide variety
of clectrical properties needed for development
of the above sensors. Secondly, Ge—GaAs is an
ideal heteropair, because lattice constants of its
components, as well as their thermal expansion
coeflicients, are very close. The lack of thermal
strains in a sensitive element is of particular
value for device operation in a wide temperature
range. Besides, thin-film technology is compa-
tible with the integration technology in semi-
conductor device manufacturing. Use of
microelectronic technology in fabrication of
sensors makes it possible to improve their tech-
nical parameters, to reduce both size and costs,
and to widen the fields of their application. It
also opens opportunities for manufacturing
sensors cither as discrete devices, or as parts of
integrated systems.

In the case of Ge films grown on GaAs substrates
realization of electrical properties needed for
sensor design can be achieved by autodoping. It
1s caused by high interdiffusion of the two mate-
rials. During the process of epitaxial deposition
of the Ge onto GaAs substrates, Ga and As
atoms strongly diffuse from the substrate into
the growing film. Solubility limits and diftusion
coefficients of these impurities in the film turn
out to be significantly higher than those in bulk
germanium. Diffusion in Ge/GaAs heterostruc-
tures disobeys the classical laws of diffusion and
in this respect is anomalous. Such an anomalous
diffusion takes place during film growth only
and is not observed during thermal treatment of
the heterostructures. Diftusion processes at the
film—substrate interface depend primarily on the
process conditions of the epitaxy, such as the
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substrate temperature, deposition rate and state
of the GaAs surface before deposition. By
changing the conditions of epitaxy, one is able
to obtain single-crystal Ge films of both p- and
n-type with different doping levels and compen-
sation degrees.

3. Preparation of Ge films and their
properties

The films were prepared by thermal evaporation
of Ge in a vacuum (2x10 *Pa) onto the semi-
insulating GaAs (100) substrates characterlzcd
by a room-temperature resistivity p=10>Qm.
The substrate temperature during deposition of
the films may range from 300 to 650°C. The
electron diffraction patterns of the films investi-
gated indicated the structure to be that of a
perfect single crystal when substrate temperature
varied between 450 and 550°C. At T=350°C
the investigated films were polycrystalline.

Figure 1 shows the dependencies of resistivity p,
Hall coefficient Ry, and Hall mobility py4 on the
temperature for films deposited at different
substrate temperatures T;. The film thickness
was about 5x10 ®m. The dependencies of the
electrical properties on the substrate temperature
are clearly associated with the structural perfec-
tion of the films. Substrate temperature deter-
mines the perfection degree of films.

Figure 2 shows the dependencies of resistivity,
Hall coefficient and activation energy of elec-
trical conductivity ¢ on the thickness of films
deposited at different rates V. The substrate
temperature during film  deposition  was
T,=450°C. The temperature dependence of the
film resistivity for T>250K was p=p-exp(e/kT),
where ¢ is the activation energy of the conduc-
tion process and k is the Boltzmann constant.
The curves have maxima at a certain critical
film thickness d.. The sign of the thermoelectric
power corresponds to n-type conduction for
thicknesses d<d. and to p-type conduction for
d>d.. The film resistivity may range from 10~*
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Fig. 1. Dependencies of resistivity p, Hall coefficient Ry

and Hall mobility py; on the temperature for Ge films

deposited at different substrate temperatures Ty (A)
T=450°C; (B) 350°C; and (C) 600°C.

to 1.4 Qm, carrier density from 10*° to 10 m
and activation energy of conduction can rise up
to half the band gap of germanium, ie. to
0.4eV. These dependencies of the electrical
properties on the technological conditions of
epitaxy are clearly associated with the character-
istic features of Ga and As diftusion into Ge
film during its growth. Such a diffusion deter-
mines the doping level and compensation
degree in the films.

The films with resistivity of about 1.02m and
activation energy close to half the gap of Ge are
of great interest. Figure 3 shows the temperature
dependencies of resistivity p, Hall coefficient Ry
and Hall mobility pyy. The film thickness was
about 10" "m. For the temperatures T>250—
290K the dependencies p(T) and Ry(T') are
exponential, the p and Ry activation energies
being equal. For temperatures T<250-290K a
lowering of the p and Ry activation energies
was observed.

p (Qxm)

IRy} (m*/Coul)

& (eV)

0.0
00 02 04 06 08 1.0

dx10°8 (m)

Fig. 2. Dependencies of resistivity p, Hall coefficient Ry
and activation energy ¢ of Ge films on their thicknesses d
at room temperature. The rates during films deposition
were 1V=0.3x107", 2x107" and 12x107"m/fsec for

curves 1, 2 and 3, respectively.
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Fig. 3. Dependencies of resistivity p, Hall coefficient Ry
and Hall mobility u;; of heavily doped and strongly
compensated Ge films on the temperature.
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Fig. 4. Dependencies of resistivity p, Hall coefficient Ryy and transverse magnetoresistance Ap/p on the temperature for two
oricntations of magnetic induction, B||n and B_Ln, in a magnetic field B=2'T.

Inversion of the sign of Hall coefficient has been
observed in some films. Figure 4 shows the
temperaturc dependencies of Ry and transverse
magnetoresistance Ap/p for two orientations of
magnetic induction (B||n and BLn, where n is
a vector along the normal to the film surface) in
a magnetic ﬁeld B=2T. The film thickness was
about 1.5x10""m. The magnetoresistance  of
these films was anisotropic in relation to the
magnetic field. Besides, the negative magnetore-
sistance was obscrved in some films at room
temperature.

The electrical properties of the films studied have
no explanation in the frames of the theory of
homogeneous semiconductors. The properties of
such films are similar to those of amorphous semi-
conductors [3]. However, the electron diffraction
and Raman spectra studies of the films show
their high structural perfection degrce. Unlike
Raman spectra, the electroreflectance spectra of
films (which strongly depend on perturbation of
band structure) differ essentially from the spectra
of bulk Ge with the same resistivity [4].

The consistent explanation for the whole range

of properties of the Ge films investigated can be
provided if we assume that the material of the
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films is the heavily doped and strongly compen-
sated Ge, with compositional disorder but with
high degree of structural perfection [4].

4. Electrical conduction mechanisms in
films

Let us consider the conduction mechanisms of
heavily doped and strongly compensated Ge
thin films. There are electric potential fluctua-
tions in heavily doped and compensated semi-
conductors. Their properties are determined by
potential fluctuations caused by random inho-
mogeneous distribution of impurities. Potential
fluctuations modulate the energy bands of a
semiconductor (Fig. 5). The amplitudes and
sizes of fluctuations depend on the doping level
and compensation degree of a semiconductor
[5]. A random electrostatic field changes the
energy spectrum of charge carriers, thus leading
to the manifestation of the state density tails in
the band gap and to changes in kinetic coeffi-
clents. According to [5] the value of optimal
potential fluctuation is

,_ TN N )
x(ne +po)'"
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Fig.5. Energy diagram of a heavily doped and strongly

compensated semiconductor. 7 is the size of a typical

fluctuation of the potential, ¢, is the percolation level
(dotted line) and F is the Fermi level.

where ¢ 1s electron charge, x 1s dielectric
susceptibility of semiconductor, N, and Ny are
concentrations of acceptor and donor impurities,
and #. and p. are total concentrations of non-
localized electrons and holes, respectively.
These are determined as

He = NcF’;/z(%F)apc = NVFT/Z(V’Eg - F) (2)

where N, and N, are effective densities of states
in the nonperturbed conduction and valence
band, respectively, and

0

Jo(E, F)g(E) dE (3)

—0C

2
F{,(7,F) = WJ

is the modified Fermi integral corresponding to
the density of states for disordered bands:

Ek*ﬁy(ﬁ )P d (4)
g( —m y YU ¢ u

fo 1s the Fermi—Dirac distribution function.

-0

The electrical conductivity of a semiconductor
of this kind is characterized by the percolation
level, 1.e. by the minimum energy at which
charge carriers can still migrate freely through
the crystal with some potential pattern by
passing the potential barriers. Both percolation
and Fermi levels depend on random field charac-
teristics, 1.e. on the impurity concentration and

compensation degree. Besides, the position of
percolation level depends on the space dimen-
sionality. In a three-dimensional (3D) potential
relief the percolation level for the electrons lies
below the non-perturbed bottom of the conduc-
tion band. A 2D potential relief corresponds to
the case when r>d, where r is the size of a
typical fluctuation of the potential and d is the
conducting layer or film thickness. The 2D
percolation level for electrons coincides with

the non-perturbed bottom of the conduction
band.

At sufficiently high temperatures, the conduc-
tion in a semiconductor of this kind is controlled
by thermal emission of carriers from the Fermi
level F to the percolation level g;,. The activation
energy of conduction, &, in such systems is
governed by the separation between the percola-
tion and Fermi levels. Only the carriers with
encrgies above the percolation level can take
part in the conduction and other transport
phenomena. The concentration of such carriers,
pr, depends essentially on the compensation
degree. Thus, variation of compensation degree
controls conduction in a wide range. At low
temperatures the conduction through the loca-
lized states in the vicinity of the Fermi level
prevails. The temperature of the transition from
the conduction due to percolation to that
through the localized states is determined by the
competition between the processes of thermal
transition of carriers to the percolation level and
their tunnelling to the neighbouring potential
wells.

Figure 6 demonstrates the calculated tempera-
ture dependencies of the hole density in Ge
with Na=2x10**m > and different values of
compensation degree K. Here p. is the total
concentration of free holes and pris the concen-
tration of holes with energies higher than the
percolation level. (2D) and (3D) mean that the
calculations relate to two- and three-dimen-
sional films, respectively. For these calculations
we have solved a set of equations (1), (2) in
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Fig. 6. Temperature dependencies of hole densities in Ge
with  Na=2x10%*m™ and diffcrent  values of
compensation degree K.

combination with the neutrality condition. This
allows us to determine p,, n., F and y for any
temperature from the known N, and Ny values.

For the films studied the activation energy of
conduction depends strongly on technological
conditions during the preparation of films and
can reach half the band gap of Ge. Such an effect
1s possible in the 2D percolation systems only
[3]. Indeed, in the 3D potential relief the activa-
tion energy of the electrical conduction

% TTR-1A
10* E \
o o
~ I TTR-1B
810° k
I
@ s
8 -
0% | - 1
10! b i 4y
1 10 100
Temperature (K)

Sensitivity ((/K)

¢=|F—e&,| must be essentially less than E,/2, and
the Hall effect is not determined by the carriers
at the percolation level. The estimation of typical
potential fluctuation values (supposing that the
films represent the heavily doped and strongly
compensated Ge with a non-correlated impurity
distribution) gave r values lying within (2.0-
20)x10 ®m. This is comparable to (or larger
than) the film thickness. This fact confirms the
presence of a 2D potential relief in the Ge films.
As a result, the activation energy reached the
value of E,/2, p and Ry activation energies
being equal, and the anisotropy of the transverse
magnetoresistance was observed [4, 6].

Changing the doping level and compensation
degree in Ge, it is possible to change the charac-
teristics of the random field and thus to obtain
the required thermal sensitivity in a certain
temperature region.

5. Resistance temperature sensors

Figure 7 shows the characteristics for two series
(T'TR-1A and TTR-1B) of resistance tempera-
ture sensors with a wide (1.5-350K) tempera-
ture range for operation. The heavily doped and
compensated Ge thin filims were used as a sensi-
tive material for thermometers. Temperature
sensitivity of resistance thermometers depends
on the technological conditions of cpitaxy,
which define doping level and compensation
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Fig. 7. Characteristics of cryogenic resistance thermometers.
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degree of Ge. The resistance value is controlled
by sensor topology, which is formed by photo-
lithography and varies over a wide range. The
sensor  crystals for usual  models  were
(0.5%0.5x0.2)x 10~ and (1.0x1.0x0.2)x 10~
m° in size. Hermetic package sizes for various
models  were  (3.0x15x1.2)x10°  and
(1.6x15)x 10" m?>.

Ge bulk resistance thermometers have, for a long
time, been used in low-temperature experiments
and cryogenic engincering [7-9]. In the low-
temperature range such thermometers have high
temperature sensitivity. At T>100K the sensi-
tivity and resistance are small (R<10€)). This
fact retards the use of such thermometers in a
relatively high temperature range. The thin-film
Ge sensors studied displayed resistances of about
20 and 250 at 300K for the series TTR-1A
and TTR-1B, respectively. This makes it
possible to use thin-film sensors in a wide
temperature range, up to 350 K.

Let us consider the thin-film Ge resistance
thermometers (series TTR-3) with a tempera-
ture range for operation from 200 to 450K.
To make such thermometers, heavily doped
and strongly compensated Ge thin films were
used. The characteristics of thin-film resistance
thermometers are shown in Fig. 8. The depen-
dence of the resistance of such thermometers
on temperature is exponential. The thermo-
meters have high sensitivity and may be used
in the range 200-450 K. Changing the techno-
logical conditions of Ge epitaxy, it is possible
to obtain resistance thermometers with a
temperature coeflicient of sen51t1V1ty ranging
from 0.4x107% to 6.0x1072K™' at room
temperature.

6. Strain tensoresistive sensors

Strain tensoresistive sensors need to provide a
small temperature coeflicient of tensosensitivity
in a wide temperature range and a high sensi-
tivity to the influence of strain. To satisty these
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Fig. 8. Characteristics of resistance thermometers on the
base of heavily doped and strongly compensated Ge films.

demands the heavily doped n- and p-Ge films
were used. The dependencies of sensor resis-
tance R and tensosensitivity S=(R,—R)/(R,xX)
(where R is the sensor resistance without strain,
R, is the resistance of the strained sample, X is
the relative strain) on temperature for the
heavily doped n- and p-Ge filins in the tempera-
ture range 4.2—400K are shown in Fig. 9. The
dependencies of resistance and tensosensitivity
on the temperature for such films are weak,
because charge carriers are degenerate. The n-
Ge thin films with carrier concentration of
about 3x10**m™> display higher values of
strain sensitivity and small temperature coefh-
cients of strain sensitivity and resistance in the
low temperature range. In the temperature
range from 4.2 to 25K the R and S temperature
coefficients are close and equal about
3x107*K ", In this case, the strain sensitivity
coefficient is about 150. This allows the use of
such strain sensors for cryogenic engineering.
The p-Ge films display lower values of strain
sensitivity, but they also have smaller tempera-
ture coeflicient of resistance and smaller strain
sensitivity in a wide temperature range. In the
range from 4.2 to 400K the R and S tempera-
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Fig. 9. Characteristics of strain tensoresistive sensors.

ture coefficients can reach 4x107* K™ at most.
The strain sensitivity coeflicient is about 40 and
20 for such p-Ge films with carrier concentra-
tion of 2x10% and 3x10*°m™>, respectively.
The strain sensors for wvarious models are
(1.5%0.5x0.2)x10™" and (8.0x4.0x.2)x107°

m” in size.

7. Hall sensors

When choosing Ge films suitable for Hall
sensors, we took into consideration two prin-
cipal parameters, namely, the maximum
magnetic sensitivity and the minimum tempera-
ture coefhicients of the magnetic sensitivity and
resistivity. The most suitable characteristics
were observed for the Hall sensors based on n-
Ge films 0.1x10™°m thick with carrier concen-
tration of (2-3)x10**m™>. The basic character-
istics of such Hall sensors are listed in Table 1.
These Hall sensors were (0.5x0.5x0.2)x10~°
and (1.0x1.0x0.2)x10™"m? in size for various
models.

8. Photodetectors

The Ge/GaAs heterojunction may be used for
manufacturing  a  photodetector  for  the
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0.6x10 °-1.5x10"°m spectral range. Besides,
the technology of epitaxial deposition of Ge
onto semi-insulating GaAs allows the manufac-
ture of photoresistors with fast characteristic
radiation response times. In this case the semi-
insulating GaAs serves as a photosensitive
material  for a  photoresistor. Thin
(d<0.15x107°m) heavily doped Ge films were
used as transparent electrodes. The detectors of
laser radiation for the 0.25x10 °~0.9x10 °*m
spectral range were developed. The time of the
photocurrent rise to its peak is (2.4-
3.9)x10 "¥sec and the time of photocurrent
drop is (2.8-4.3)x10"""sec. Such a photode-
tector may be used in laser techniques for
measuring characteristics of short radiation

pulses.

TABLE 1 Basic characteristics of Hall sensors

Operating temperature range (K) 1.5-400
Magnetic sensitivity (V/(AxT)) 20-50
Non-linearity error up to 10 T, not greater 1.0

than (%6)

Temperature coefficients of sensitivity and 5x107*
resistance, not greater than (1/K)

Resistance () (1-2)x 10°
Maximum input dc at 298 K (A) 5%107°
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249. Conclusion

We have proved that Ge films on the semi-insu-
lating GaAs substrates can serve as a general-
purpose sensitive material for fabrication of
high-performance  sensors,  suitable  for
measuring temperature, strain, magnetic field
and electromagnetic radiation.
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