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Abstract. Magnetotransport investigations of silicon §-doped Gap 47lng s3As layers with
different electron densitics were performed in tilted magnetic fields up to 12 T The
conduction electrons of the samples showed two-dimensional behaviour determined by
the dependence of the Hall coefficient on the tilt angle of the magnetic field. Several
populated subbands were identified by the normal and the diamagnetic Shubnikov—de
Haas effect. The diamagnetic depopulation features of the samples were explained on
the basis of caleulations done by Reisinger and Koch for symmetrical potential wells.
Whereas no quantum Hall effect could be observed at any of the samples in perpendicular
magnetic fields up to 12 T, well developed quantum Hall plateaux occurred at a sample
with a low doping level zbove a certain tilt angle. This was found to be due to the
depopulation of the higher subbands by the parallel component of the magnetic Geld.

1, Introduction

The development of new crystal growth techniques such as metalorganic chemical
vapour deposition (MOCVD) and molecular beam epitaxy (MBE) facilitated the
possibility of growing semiconductor devices with sheet doping of a few or even
one single atomic layer (6-doping layers) [1]. These é-doping layers are interesting
both for fundamental studies of two-dimensional carrier systems [2] and for device
applications [3]. In particular access to high clectron densities (above n, = 1013 cm=?)
and simultancously rather high electron mobilitics provide the possibility of the
development of fast and current-stable devices like MESFETS on the basis of §-doping
layers [3]. -

Resellrch has been focused mainly on Si-doping layers in GaAs up to now
[4-6]. However, increasing attention is being paid to silicon §-doping layers with
Gay 47In, o3 As (lattice-matched on InP) as host material [7, 8]

In this paper, we report on the growth and characterization of silicon é-doped
Gay 47In; 53 As layers. The samples were grown by MBE [9]. The sheet resistance and
the Hall effect were measured to evaluate the mobile electron density and the Hall
mobility. Shubnikov-de Haas (SdH) measurements were performed to determine the
population of the electric subbands in the potential well of the samples.

The two-dimensional behaviour of the electron system adjacent to the §-doping
layer was tested by tilting the samples with respect to the direction of the magnetic
field. The sample with a low dopant density bore well developed quantum Hall
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(QH) plateaux in the presence of a parallel magnetic field component sufficiently high
to reduce the number of populated subbands. The depopulation of the different
subbands in parallel magnetic fields was studied by means of the diamagnetic SdH
effect (DSdH) and explained within the model of Reisinger and Koch [10].

2, Sample characteristics and experimental set-up

The Gay 4;In, 53As layers were grown onto (100)-oriented InP:Fe substrates using
elemental source MBE. The slightly As-stabilized growth was performed under constant
growth conditions of a V/III beam-equivalent pressure ratio kept at 15, a growth
temperature of 500°C, and a growth rate of approximately 1 pm h~l. Silicon
was applied as the n-type dopant. A constant Si-cell temperature of 1080°C was
maintained throughout this study, delivering a doping level of 2.5 x 10" ¢cm~3 in
homogeneously doped layers. The variation of the areal doping concentration in the
4-doped sampies was achicved by different growth interruption times between 5 and
300 s for the deposition of the silicon atoms. The confinement of the silicon doping
layer was tested by secondary ion mass spectroscopy (SiMs). Up to areal doping levels
of 1x10%® cm~?, the doping layer extent in the growth direction is befow the sensitivity
limit of the siMs facility of about 7 am. The silicon §-doping plane was clad between
0.5 pm thick undoped Ga, 4;In; ;;As layers. The unintentional background doping of
these layers is below the level of 2 x 1015 ¢m—3 and due to residual silicon of the In
source.

Three silicon §-doped samples with different areal dopant densities, Nl(jm), are the
subject of this study. The samples were cut into pieces of approximately 3 x 3 mm?
and contacted by soldering copper wires with In to the sample surface in the van
der Pauw configuration. The electron density, n,, and the Hall mobility, uy, were
evaluated at room temperature, T = 77 K and T = 1.3 K The subband populations,
ng, were determined by SdéH experiments with the magnetic field perpendicular to
the sample surface.

All magnetotransport investigations were performed using a 13 T superconducting
magnet system with an inner cryostat separating the sample thermally from the helium
bath of the solenoid. Temperatures down to T = 1.3 K were maintained by pumping
the He* bath of the inner cryostat. The measurements were done using DC currents
(1 pA < T £ 50 pA) supplied by a ground-free commercial current source. The data
were taken by a high-resolution digital data processing system including two 6'5-digit
precision voltmeters. This technique allowed us to differentiate the sdH spectra and
to detect even weak oscillations at lower magnetic fields.

The samples were mounted onto a sample holder capable of in situ rotation with
respect to the magnetic field direction in the angular range of —105° < @ < 105° (®
is the angle between the normal vector of the sample plane and the magnetic ficld
direction).

3. Experimental results

The expected free-carrier densities and the results of the Hall and sdH measurements
of the three samples investigated are summarized in table 1.

The expected carrier densities, Nf,"D), were calculated using the deposition times
of 55, 50 s, and 80 s for the increasing carrier concentrations, respectively, together
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Table 1.

ng (10! em—2)

-

Sample  NJP) (102 cm~2)  n, (102 am?) gy (em? V-1sh

s5-2364  0.63 0.82 5800 0 69
1 15
56-2329 625 6.0 5030 0 g£893
1 90
p 17
s6-2330  10.00 9.3 3780 0 £ 7.5
I 13.0
222

2 Estimated from the difference between the Hall and SdH data, not detectable in the s¢H signal up to
B=12T

with reference data. The measured and expected concentrations coincide to within
10% for high doping levels. For the sample with the low §-doping level, the measured
value is higher. This is attributed to an uncertainty in the deposition time, because
the time for opening and closing the shutters is approximately 1 s. The influence of
parallel conduction due to residual carrier concentration in the cladding layers cannot
account for the difference in the measured and the expected carrier density values as
the Hall and the sdH data coincide within experimental error at T = 1.3 K

Figure 1 shows the sdH and Hall trace for sample $6-2329 at T = 1.3 K up to
B =12 T. The slope of the Hall trace yields the overall electron concentration, =,
whereas the analysis of the different periods observable in the sdH trace yields the
subband populations, ng. The Hall resistance p,, and the magnetoresistance R,
of the samples were measured at different angles ®. To calibrate the rotation gear
and to check the two-dimensional behaviour of the samples, the saH signal was taken
while rotating the sample in a fixed magnetic field (B, = 11.56 T). The positions of
the magnetic field parallel to the sample plane are then characterized by well defincd
R, minima, if the sample has a positive magnetoresistance [11].

Ryx([$2

B[T]

Figure 1. Magnetoresistance Ry, and Hall resistance pry of sample s§-2329 versus
magnetic field (T = 1.3 K).

Figure 2 presents the Hall resistance of sample 86-2329 at different fixed angles ®.

Since the Hall coefficient R%’D) is dependent only on the magnetic field component
B, perpendicular to the two-dimensional electron system (2DES):
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Figare 2. Hall resistance of sample $§-2329 versus magnetic field at different tilt angles
$ (T =13K), curve a: ¢ =0°, b 20°, ¢ 40°, d: 60°, & 80°. The inset shows the
linear relation between the slope of the Hall races R} and cos &.

R®P =1/en,= Uy/IB, (1

B, = Beos® (1a)
where Uy is the Hall voltage and e the electron charge; the slope of the Hall trace
Ry(®) = Ap,, /A B is proportional to cos &. This is visible in the inset of figure 2
and proves the 2D behaviour of sample s§-2329.

Figure 3 shows the Hall traces for the sample s§-2364 with the lower doping
density Np and a rather small n,. At lower fields, the Hall traces are linear and
behave qualitatively as those of the highly doped sample $6-2329. Furthermore, for
tilt angles ® > 30° well pronounced QH plateaux appear for filling factors (quantum
numbers) j = 4 and j = 3. No QH plateaux are visible for & = 0° (B perpendicular
to the layer) up to 12 T Simultaneously, the magnetoresistance is non-zero in the
entire magnetic-field range (figure 4, curve (a)). Figure 4 shows the SdH traces for the
same angles ® as in figure 2. In accordance to the development of the QH plateaux
with increasing tilt angle, the corresponding R, minimum values for the filling
factors j = 4 and = 3 decrease. The finite resistance K in the QH plateau region
indicates either some remaining parallel conduction via the Gaj 4,In; ;; As layers too
small to be detected by comparison of the Hall and the sdai results (see table 1),
or a finite density of states (Dos) of mobile electrons at the Fermi energy due to a
considerable broadening of the Landau levels (referring to the sample mobility which
indicates a rather high scattering rate of 7.2 x 10% s~1),

In principle, the finite longitudinal resistance also modifies the Hall traces due to
the van der Pauw geometry of the samples used in this study. If the contacts used
as potential probes are not Jocated exactly opposite one another with respect to the
current flow direction, a correction term proportional to p_. has to be taken into
account. However, these modifications become minimal just within the QH plateau.
Hence, these modifications are only relevant for filling factors between the plateaux.
To avoid the Corbino effect, the contacts were placed in the sample corners touching
the sample edges.

Thus, the higher the paraliel component of the magnetic field at a certain integer
filling factor, the more pronounced the QHE will be.
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Figare 3. Hall resistance of sample s§-2364 versus magnetic field at different tilt angles
¢ (T=13K), awrve &2 & =0°, b 20°, ¢ 30°, & 45°. The Hall plateaux j = 3 and
J = 4 are visible in curves b-d.
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Figare 4. Magnetoresistance Ry, of sample s5-2364 versus magnetic field at different
1ilt angles ¢ (angles as in figure 3, T = 1.3 K).
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We found the same tendency for rotating the sample in a fixed magnetic field of
B = 11.56 T We measured the Hall resistance Pzy and the sdH resistance of the
sample $5-2364 as functions of the tilt angle ®. In figure 5, the QM plateaux j = 2, 3
and 4 are visible. The deepest minimum of the corresponding R__(®) trace occurs
for the plateau j =4 at ¢ = 48.8°, By = 8.69 T and B, = 7.62 T At this parallel
field, all upper subbands are completely emptied. This is the condition to provide
a gap between two quantum levels at the Fermi energy which is not reduced by an
interfering level of a higher subband (see e.g. [12]). At a tilt angle of & = (° (without
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a parallel magnetic field), the magnetic field has to be high enough to realize the
population of the lowest quantum levels of the ¢ = 0 subband only or at least to
provide a gap between neighbouring quantum levels (originating from any subband)
large encugh to keep the adjacent mobility edges apart. In our case, this is valid for
magnetic fields B > 11.5 T (® = 0°) where the 7 = 2 plateau begins to develop
(figure 3, curve (a)).

Figure 5. Magnetoresistance R.» and Hall resistance p., of sample s56-2364 versus
tilt angle ¢ at a fixed magnetic field of B = 11.56 T (T = 1.3 K}. The aH plateaux
J =2, 3 and 4 are well observable in this plot.

The depopulation of the higher subbands by parallel magnetic fields can be
observed in the DSdH effect. As is visible in figure 6(a), the diamagnetic depopulations
of the subbands i = 2 and 7 =1 occur at By = 1.7 T and 5.6 T, respectively. The
plateaux j = 3 and j = 4 of the Hall curve at & = 20° (figure 3(b)) correspond to
parallel magnetic field components of By = 3.45 T and 2.56 T, respectively. Hence,
these plateaux are realized by quantum levels of the ¢ = 0 and ¢ = 1 subbands.
The same is valid for the ¢ = 4 platean of the Hall curve at & = 30° (figure 3(c))
corresponding to a parallel magpetic field of B = 4.25 T Only levels from the
ground subband contribute to the j = 3 plateau at this angle (B = 5.75 T). The
J = 4 plateau at ¢ = 45° occurs at a parallel component of B, = 7.8 T. Hence,
the ¢ = 1 subband is completely emptied and the QH plateau is as well developed
as the j = 3 plateau at @ = 30°. The DsdH effect results of the higher doped
samples $§-2329 and s6-2330 are presented in figure 6(b) and (¢). The subsequent
depopulation of the subbands ¢ = 3, 4 and 3 are clearly visible in the magnetic field
range up to 12 T Hence, much higher magnetic fields would be required at any tilt
angle to observe the QHE at these samples.

The depopulation fields of the device s6-2364, s6-2329 and s6-2330 agree well with
the predictions of the model of Reisinger and Koch [10] for symmetrical potential
wells. These calculations were done for doping layers with §-like confinement. The
real distribution of the dopants over a finite extent in growth direction results in a
round shape of the bottom of the potential well instead of the sharp edge derived
from the model [13]. However, the extent of the dopant distribution of our samples is
Jow in comparison to the entire extent of the conducting sheet (potential well width at
the Fermi energy). Hence, the effect of the real dopant distribution on the subband
positions is only marginal for the samples investigated and the model of Reisinger
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Figure 6. Diamagnetic sdH effect of the
samples $6-2364 (g), s6-2329 (&) and s4-
233¢ (¢). The depopulation fields of
the corresponding subbands (index ¢) are
marked by arrows,

Figure 7. Comparison of the normalized
depopulation fields -y of the diamagneti-
cally shifted subbands of samples s§-2364
(®), 54-2329 (O) and 56-2330 (+) with
the dependences on the normalized car-
rier density N’, obtained by Reisinger and
Koch [10] for symmetrical potential wells
(full lines). The inset shows schematically
the potential well, the first two subband
fevels and the corresponding wave func-
tions.

and Koch [10] provides a satisfactory description of our experimental results. If the
depopulation fields of the subbands are plotted versus the carrier concentration in

dimensionless units of

v = (hw,fe})dnea* = (2h3E /re*m ) B (2)
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where e* is the effective Bohr radius, i is Planck’s constant, w, is the cyclotron
frequency, m* is the effective electron mass and

N, = n,a*? = (h*e /nie*m t)n, 3)
the influence of the material properties and the band structure (¢ and m*) on the
depopulation behaviour is (at least partially) eliminated and ‘universal’ dependences
appear {10]. As visible in figure 7, the depopulation fields of our differently

doped samples are well described within this model of Reisinger and Koch [10]
for symmetrical potential wells.

4, Summary

We have performed galvanomagnetic measurements on MBE-grown silicon §-doped
Gay 471, 53 As layers to determine the Hall mobility, the total sheet electron density
and the subband populations. Samples with a varying doping level and corresponding
sheet densities ranging from n, = 8.2x 10" cm~2 to 9.3x 102 cm~2 were investigated.

Several electric subbands were found to be populated in all samples. The
depopulation of the higher subbands by parallel magnetic fields is visible in the
DSdH spectra of the samples and can be explained within the Reisinger~Koch model
for symmetrical potential wells.

In the sample with the lowest electron density, all electrons are redistributed into
the lowest subband for parallel magnetic fields in excess of 5.6 T. This leads to a
well pronounced QHE in tilted magnetic fields, whereas magnetic fields up to 12 T
perpendicular to the §-doping layer were not sufficient to form QH plateaux. Hence,
the diagmagnetic depopulation of the higher subbands by the parallel magnetic field
component is essential in observing the QHE in silicon 6-doped Ga, 41N, ., As layers
with several subbands populated.
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