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Hall coefficients of the normal sign have been observed in doped amorphous silicon thin films
fabricated by the low-pressure chemical-vapor deposition method. In phosphorous-doped materi-
al, the magnitude of the Hall mobility is 0.15 cm2V ~'s ™!, corresponding to a room-temperature

conductivity 0.3 (Qcm) "'

In boron-doped amorphous silicon, the magnitude of the Hall mobili-

ty is 0.11 cm2V ~'s ™', The material is amorphous in structure as identified by various methods.

Early works of Hall-effect measurements on amorphous
materials were concentrated on chalcogenide glasses (see
review by Rollos,! and Fritzsche?). The measurements on
amorphous silicon thin films (a-Si:H) fabricated by the
glow discharge method have been made and reported by
LeComber, Jones, and Spear,*® Overhof and co-workers, *>
and by Dresner.® The common features of these measure-
ments are (i) the magnitude of Hall mobility is small (be-
tween 1072 to 10 ™! cm?V ~'s ') and increases slightly
with measurement temperature; (ii) the well-known sign
anomaly of the Hall coefficient, e.g., for a-Si:H thin films,
the so-called “double reversal” phenomenon: the sign of
Hall coefficient of both phosphorus- and boron-doped
films are opposite to that of thermoelectric power. So far,
no systematic measurements on low-pressure chemical-
vapor deposition (LPCVD) amorphous (a-Si) thin films
have been reported.

In this Rapid Communication we present Hall-effect
measurement experiments on both P- and B-doped
LPCVD a-Si thin films, and report, for the first time, the
observation of a normal Hall coefficient in amorphous Si
samples.

The thin film (2000 to 5000 A) for Hall mobility mea-
surement was deposited on Corning 7059 glass by the
LPCVD method. We designed the Hall sample to be as
small as it could be easily handled in order to compensate
the possible inhomogeneity of the films and to reduce the
misalignment voltage. The dimension of the sample was
0.953%3.175 mm2 The sample pattern was realized by
lithography to ensure better alignment of the probes. For
electrodes, evaporated Cr was used as a first layer to make
contact with the silicon thin film and then Au was deposit-
ed on top of Cr. It was then annealed to reduce contact
noise. The sample was finally connected to the measure-
ment circuits by indium solder. The sample chamber was
made of stainless steel and operated under vacuum.

The Hall effect was investigated in a magnetic field of
up to B=1.5 T (Varian V-3400) produced by a magnet
which could be rotated. A value of 2V was obtained by
reversing the direction of the magnetic field. Keithley 181
and Keithley 600B electrometers were used to record the
Hall voltage. The output from the electrometers was

4

directly connected to a microcomputer for storage and
analysis.

The LPCVD system for Si thin-film deposition was de-
scribed elsewhere.” The following conditions were used
for film fabrication: substrate temperature T, from 460 to
620°C and a phosphine-silane (or diborane-silane) ratio
from 1%10 75 to 1 X102, In this range, both amorphous
and microcrystalline (uc) materials were obtained. The
structure characterizations of our films were based upon:
(i) x-ray diffraction, (ii) Raman spectroscopy,® (iii)
TEM,? and (iv) electronic properties of the films.

All uc samples fabricated by LPCVD showed normal
Hall sign while for amorphous samples Hall coefficients of
both the normal and anomalous sign were observed. The
normal Hall coefficient shown by the amorphous sample
greatly interested us. In Fig. 1, we present two typical
Hall-effect measurement results for phosphorus-doped a-
Si samples No. 1 and No. 2 (parallel results are also avail-
able for boron-doped samples). Table I lists the parame-
ters of samples 1 and 2. The magnitude of the normal
Hall mobility (sample 2) is about 3 times higher than that
of the anomalous Hall mobility (sample 1). In both
phosphorus- and boron-doped materials, the magnitude of
the observed mobility in anomalous samples is less than
that of normal Hall samples.

It has been reported® and also was our observation that
all uc-Si films have a normal Hall coefficient. An impor-
tant question arises: Is sample 2 really an amorphous ma-
terial? To answer this, extensive structure analysis was
carried out. All the available structure analysis tech-
niques confirmed that sample 2 was amorphous in struc-
ture. Figure 2 is the Raman scattering results for both
samples 1 and 2, taken from the same sample used for the
Hall measurement. For comparison, the spectra of n-type
single crystal Si and LPCVD uc-Si films are also included
in Fig. 2. The broad peaks of samples 2 and 1 around 475
cm ~! are typical amorphous Raman optical mode peaks.
X-ray diffraction on sample 2 showed no crystallinity
(Fig. 3). Transmission-electron microscopy on sample 2
revealed a typical amorphous diffraction pattern which is
shown in Fig. 4.

Studies on transport properties also indicated that sam-
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FIG. 1. Hall mobility of amorphous (a) sample No. 2, and
(b) sample No. 1.

ple 2 belonged to the amorphous, not to the uc family.
For example, the conductivity of uc-Si under the same
dopant gas ratio should be at least 2 to 3 orders of magni-
tude higher than that of sample 2. The temperature
dependence of the Seebeck coefficient of sample 2 was
typical of amorphous Si, and different from that of uc ma-
terial. '°

The magnitude of normal Hall mobility in boron-doped
amorphous silicon sample 3 prepared from LPCVD was
0.11 cm2V ~!'s ™! as compared to a value less than 0.05
cm?V “!'s 7! for a-Si of the abnormal sign (sample 4),
and 4.9 cm?V ~'s 7! for pc-Si (sample 5).

We associate the normal Hall coefficient and high Hall
mobility value of sample 2 with a random silicon network
structure possessing good short-range order. In Table I,
one notices that the solid-phase phosphorus concentration
in sample 2 is substantially less than that of sample 1, but
the dark conductivity of sample 2 at room temperature is
1 order of magnitude higher than that of sample 1. The
conductivity (0.3 @ “'cm™') of the LPCVD samples,
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FIG. 2. Raman spectrum of single-, microcrystalline-, and
amorphous-Si samples (No. 2 and No. 1).

e.g., sample 2 (normal Hall material), has the highest
value reported so far among amorphous Si materials con-
taining the same amount of dopant fabricated by various
methods. It is, however, still 2 to 3 orders below that of
uc-Si. High doping efficiency is an indication of good net-
work structure.

Double reversal of the Hall constant is a ubiquitous
feature of glow-discharge amorphous silicon (a-Si:H).
Sign anomaly is accounted for by theoretical models'' ~!3
only in the limit of extreme strong localization in which
the Ioffe criterion, i.e., localization length less than atomic
spacing, is invoked. Even in this limit, the normal sign is
not excluded. The sign is dependent on the ring statistics
of the silicon network. If the continuous random network

TABLE I. Parameters of phosphorous-doped amorphous silicon thin-film samples No. 1 and No. 2.

Sample 1 Sample 2
Gas ratio R 4x1073 1x1073
Substrate temperature T 540°C 560°C
P concentration in film S 4.8 atm% 1.31 atm%
Room-temperature conductivity o 2x107% (acm) ! 0.3 (2cm) ™!
Hall mobility uy 0.04 cm?/Vs 0.15 cm?/Vs
Sign of the Hall coefficient + -
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FIG. 3. X-ray diffraction pattern of sample 2.

is taken as a model for the ideal amorphous silicon struc-
ture, six-member rings prevail, ' and thus the sign should
be normal according to the theory. It is surprising that
the normal Hall effect has not been found in glow-
discharge a-Si:H. The glow-discharge material is deposit-
ed in the presence of hydrogen, and the film contains more
than 5 at.% of hydrogen. Hydrogen relieves stiffness in
the structure,'® and may have changed the ring statistics
significantly. The ring statistics of a network model con-
taining hydrogen has not been studied. By contrast, the
LPCVD films contain much less hydrogen, the maximum
amount observed being less than one-tenth of that in the
glow-discharge material.

There are two classes of disorder that can cause locali-
zation in a-Si: topological structural disorder and random
scattering centers such as defects and foreign atoms. If
the continuous random network is taken as the ideal mod-
el of a-Si without hydrogen, the former alone is not likely
to bring about the strong localization. Short-range local
order in this model is well preserved.'® Recent Raman
studies on a-Si showed that the short-range order of amor-
phous material can be improved substantially by optimiz-
ing the fabrication conditions.!” In our quest for amor-
phous specimens having the normal sign in the Hall
coefficient, we aimed at minimizing the latter, including
hydrogen. We carefully mapped out a wide range of the
fabrication parameters in the LPCVD system. They can
be translated into physical quantities such as concentra-
tion of dangling bonds, dopant, and hydrogen. These pa-
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FIG. 4. TEM diffraction pattern of sample 2.

rameters are not mutually independent. For example, an
increase in dopant concentration (n < 10'” cm ~3) simul-
taneously reduces the amount of dangling bonds. Amor-
phous silicon with the normal sign is found only in a small
region in the multidimensional parameter map.

One may raise the question of whether these samples
are composed of microcrystals too small to be detected by
x-ray diffraction, Raman spectroscopy, and TEM. We
believe this is not so. In the parameter map, the region of
producing the normal sign material lies almost totally
within the amorphous realm. Only on the high substrate
temperature side does it touch the uc-Si region. If we
move from the normal region in the direction of either too
much or too little dopant concentration, we end up on the
abnormal amorphous region. Furthermore, physical prop-
erties of the normal sign material have characteristics dis-
tinctively different from those of the uc material (for ex-
ample, the Seebeck coefficient). If the material is a com-
posite of crystals of such small size as to escape detection,
the amount of grain-boundary states must be overwhelm-
ingly large.

In summary, we have observed the normal Hall
coefficient in both P- and B-doped LPCVD a-Si thin films.
They are produced only in a small region in the fabrica-
tion parameter map. We believe that this material which
contains much less hydrogen as in a-Si:H has an improved
network structure.
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FIG. 4. TEM diffraction pattern of sample 2.



