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Letters

A Modified Approach to Determine the Hall Parameters of Epitaxial GaSb
Grown on a Conductive GaSb Substrate
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A modified approach, a junction Hall-effect measurement (JHEM), is tried. This is a Halleffect measurement that is effective in determining the Hall parameters of epitaxial layers grown
on conductive substrates with no use of an insultion layer or a semi-insulating (SI) substrate by
applying a built-in potential barrier to electrical isolation. Prior to examination of GaSb, the utility
of the JHEM was proven by comparing the Hall parameters taken from a series of epitaxial GaAs
n-p junctions with those taken from an equivalent n-GaAs epilayer grown on a SI-GaAs substrate.
Using the JHEM approach, finally, we directly determine the Hall parameters of an epitaxial p-GaSb
layer grown on a conductive n-GaSb substrate.
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I. INTRODUCTION

The Hall effect measurement technique is well known
to be a simple technique as well as the most powerful
technique, for examining the electronic properties (resistivity, carrier concentration, Hall mobility, conductivity
type, spin polarization) of almost all kinds of materials
ranging from semi-insulating (SI) to metallic systems [1,
2]. There is no limit in the use of free-standing bulk materials and electrically-isolated epitaxial layers formed on
highly-resistive substrates, such as silicon-on-insulator
(SOI), SI-GaAs, SI-InP, and sapphire substrates [3]. A
metal-oxide-semiconductor (MOS) or Schottky-barrier
structure has been introduced for the Hall-effect measurement of a conductive substrate [4,5], but no trial has
been done for a GaSb epilayer grown on a conductive
GaSb substrate. In many cases of characterizing epitaxial systems like InAs and GaSb whose high-resistive
substrates are not available, epilayers to be tested are
confronted with the problem of electrical isolation from
their substrates. Because the formation of a MOS or a
Schottky barrier is very difficult and is limited for narrow
bandgap materials, an alternative approach is necessary
for Hall-effect measurements for those systems [6]. Even
though one does not expect correct values because of the
crystalline dissimilarity, the usual choice is to prepare additional heteroepitaxial layers by using a different kind of
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highly-resistive substrate, for instance, a GaSb epilayer
grown on a SI-GaAs substrate [7–10].
In this letter, a modified approach, a junction Halleffect measurement (JHEM), is introduced, which makes
it possible to determine the Hall parameters of homoepitaxial systems prepared on conductive substrates with
no use of highly-resistive substrate. That is, JHEM is
an approach to examine the Hall effect of an n-type or a
p-type epilayer by growing it on an opposite type of conductive substrate, in which the built-in potential is naturally formed around the junction interface and plays the
role of an electrical isolation barrier for carrier transport
in the vertical direction. Using the JHEM approach, we
directly determine the Hall parameters of an epitaxial pGaSb layer grown on a conductive n-GaSb substrate by
using molecular beam epitaxy (MBE), which is the base
material of an InAs/GaSb type-II strained-layer superlattices for infrared photodetectors [11–14]. It may be
the first report on the Hall parameters of homoepitaxial
GaSb directly grown on the same kind of substrate. Prior
to examination of the GaSb system, we demonstrated the
utility of the JHEM by determining the Hall parameters
of a series of epitaxial GaAs n-p junctions with a wide
range of doping densities with those of an equivalent nGaAs epilayer grown on a SI-GaAs substrate.
Figure 1 presents cross-sectional view of the JHEM
sample structure for an n-GaAs epilayer and its energyband diagram. The only requirement imposed on the
JHEM sample is junction formation. Basically, it is a
simple n-p junction, which consists of the upper layer
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Fig. 1. Cross-sectional view of the JHEM sample structure
for an n-GaAs epilayer and its energy-band diagram. The np junction consists of the upper layer under test and a lower
layer to offer the built-in potential barrier in the space-charge
region (W).

under test and a lower layer to offer the built-in potential
barrier in the space-charge region (W). In this structure,
electrons in the conduction band (CB) of the n-GaAs
layer see a potential barrier in the CB for vertical direction, and, in the same manner, holes in the valence
band (VB) of p-GaAs see the same potential barrier in
the VB. When a constant current source, I(V), is applied to the drain-source (D-S) in the upper layer under
test, only carriers in the upper layer move in the lateral direction because the built-in potential plays a role
as an electrically-isolating barrier for vertical transport.
Therefore, one obtains information only on the upper nGaAs epilayer without disturbance by the lower p-GaAs.
Here, the barrier height is defined by the built-in potential (Vo ) given by general diode equation:
I = Io exp[−q(Vo − V )/kB T ].

Fig. 2. Hall parameters (a) carrier concentration (n) and
(b) Hall mobility (µH ) determined from three representative
epitaxial GaAs n-p junctions with low-, mid-, and high-DD
as functions of the injection current at 77 K and 300 K. Each
sample keeps constant values independent of the injection
current.

(1)

In the case of a typical GaAs n-p junction, Vo is
approximately 1.3 V, which was calculated from the
donor/acceptor concentrations of the n/p layers and the
intrinsic carrier concentration of GaAs. It is very important to point out that the value of Vo is sufficiently high
to block vertical flow of carriers and is large compared
to the thermal energy (kB T ).

II. EXPERIMENTS
A series of epitaxial GaAs n-p junctions with different
doping densities (DD) and an additional single-layered nGaAs were grown on SI-GaAs substrates (ρ ∼ 107 Ω.cm)
by using MBE; three 3-µm-thick n-GaAs:Si with low-,
mid-, and high-DD (ND ∼ 1016 – 1018 cm−3 ) on 1-µmthick p-doped GaAs with mid-DD (NA ∼ 1017 cm−3 ),
and a 3-µm-thick n-GaAs:Si of mid-DD (ND ∼ 1017
cm−3 ). For examination of GaSb, a representative pGaSb:Be (3 µm) epilayer was grown on a n-doped GaSb
buffer layer (1 µm) by using a commercial, conductive

n-GaSb:Te substrate (n = 3 × 1017 cm−3 , 300 K) in the
same MBE machine. The van-der-Pauw shaped samples
were prepared for the JHEM. All measurements were
performed by using the automated Hall Effect Measurement System (Keithley) under a magnetic field of 4000
G at fixed temperatures of 77 K and 300 K. In order to
monitor any unexpected effects that might arise at high
current injection, we varied the applied current in the
wide range from 20 µA up to 2 mA, and eleven data
points were taken for each measurement.

III. RESULTS AND DISCUSSION
Figure 2 presents (a) the carrier concentration (n =
[qRH ]−1 ) and (b) the Hall mobility (µH = RH /ρ) obtained from the resistivity (ρ) and the Hall coefficient
(RH ) for three representative epitaxial GaAs n-p junctions with low, mid, and high DD, plotted as functions
of the injection current at temperatures of 77 K and 300
K. The graph shows that each sample keeps consistently
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Table 1. The corrected 300-K Hall parameters and the estimated values of the depletion width and the built-in potential
used in the thickness correction.
Samples
Structure

n-p/SI-GaAs
n/SI-GaAs

Doping
Level
Low-DD
Mid-DD
High-DD
Mid-DD

Hall Parameters
Carrier Concentration
Resistivity
(cm−3 )
(Ω.cm)
16
1.88 × 10
8.18 × 10−2
17
1.66 × 10
1.11 × 10−2
18
1.38 × 10
2.40 × 10−3
17
1.67 × 10
1.11 × 10−2

Hall Mobility
(cm2 /V.s)
4.05 × 103
3.42 × 103
1.88 × 103
3.35 × 103

Junction Parameters
Built-in Potential
Depletion Width
(V)
in n-GaAs (µm)
1.24
0.300
1.29
0.066
1.35
0.010
-

constant values regardless of the injection current in the
experimental ranges of I = 20 – 2000 µA, ND ∼ 1016
– 1018 cm−3 , and T = 77 – 300 K. The Hall parameters are exactly the same to three significant figures with
a standard deviation of ±1.0% for each sample. This
demonstrates that the JHEM approach is almost perfect
in determining the Hall parameters, at least within an
appropriate range for normal semiconductors as GaAs.
It is worthy of note that, in the JHEM, the nominal layer
thickness has to be replaced by the effective one, which
is reduced by the depletion width formed in the n-GaAs
under test (Wn in Fig. 1). The n-side depletion width
can be simply estimated by using a general expression:
Wn = [(2εVo /q)/ND (1 + ND /NA )]1/2 ,

(2)

with the built-in potential given as
Vo = (kB T /q) ln[ND NA /n2i ]

(3)

and with the donor/acceptor density (ND /NA ) for n/pGaAs. Table 1 lists the 300-K Hall parameters corrected
for the effective layer thickness, together with Vo and Wn ,
estimated for each sample. Here, we used NA = 1.0 ×
1017 cm−3 and ni = 1.8 × 106 cm−3 for the nominal DD
of p-GaAs and the intrinsic carrier concentration of GaAs
[15], respectively. In these system, the thickness correction makes a considerable change of approximately 10%
for low-DD (∼1016 cm−3 ) samples, but a minor change
of less than 2% in samples with mid and high DD larger
than 1017 cm−3 , as shown in Table 1.
A critical comparison of the Hall parameters was performed between a couple of n-GaAs epilayers prepared
under the same growth condition: A JHEM sample (np/SI-GaAs) with mid DD presented in Fig. 2, and an
equivalent n-GaAs single layer directly grown on SIGaAs substrate (n/SI-GaAs). The 300-K values for n
and µH determined from the two sample structures are
compared in Fig. 3. The two pairs of plots show that the
data of n and µH for n-p/SI-GaAs are in good agreement
with those for n/SI-GaAs, within an error of ±1%. It is
undoubted that the 77-K parameters have exactly the
same trends. These results provide conclusive evidence
that JHEM is for a satisfactory modified approach that
makes it possible to determine the Hall parameters of
epitaxial systems prepared on conductive substrates.

Fig. 3. Carrier concentration (n) and Hall mobility (µH )
determined from a couple of equivalent epilayer samples (np/SI-GaAs, n/SI-GaAs) at 300 K. The two pairs of parameters are in good agreement with a standard deviation of ±1%.

Finally, the JHEM approach is applied to a MBEgrown GaSb epilayer whose highly-resistive substrate is
not currently available. Fig. 4 presents the carrier concentration (p) and the Hall mobility (µH ) for a representative p-n/n+ -GaSb JHEM sample with a typical DD,
plotted as a function of the injection current at 77 K
and 300 K. Here, we used the effective layer thickness,
taking account the depletion width in p-GaSb, Wp =
0.16/0.12 µm for 77/300 K, which was estimated from
ND = 1.0/1.6 × 1017 cm−3 , ni = 1.28 × 1011 /1.03 ×
1012 cm−3 , and Vo = 0.70/0.63 V, as discussed in the
previous paragraph [15]. Similar to features shown in the
GaAs system, the Hall parameters have constant values
of p = 8.12 × 1016 /3.94 × 1017 cm−3 and µH = 1.74
× 103 /4.22 × 102 cm2 /V.s at 77/300 K, with no dependence on the injection current, and three digits of figures
are significant, within a standard deviation of ±1.0%.
While the 77-K data show almost consistent values over
the whole range, an unexpected behavior digressing from
the constant values was observed in the 300-K data for
high current injections over 500 µA. The p value gradually becomes large with increasing injection current, and,
simultaneously, the µH value decreases, which may be
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eters of MBE-grown p-GaSb with a standard deviation of
±1.0 % were determined by using the JHEM approach.
An unusual behavior was found in the 300-K data of the
p-n GaSb JHEM sample at high current injections, which
might possibly be due to carrier injection into the spacecharge region. We expect to extend the JHEM approach
to various material systems and structures for which is
no option but to use a conductive substrate.
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Fig. 4. Hall parameters, carrier concentration (p) and Hall
mobility (µH ), determined from an epitaxial p-n/n+ -GaSb
JHEM sample and plotted as functions of the injection current at 77 K and 300 K. An unusual behavior digressing from
constant values is observed in the 300-K data for high current
injections over 500 µA.

attributed to the enhanced concentration.
Considering that no anomaly was observed in the
GaAs system (Figs. 2 and 3), it is evident that the distinctive feature is strongly related to the barrier height
of the p-n junction formed in the JHEM sample. An
effect due to carrier injection into the space-charge region may possibly arise at high current density. In the
case of the GaAs system, it is almost impossible for the
injected carriers to cross the depletion region, even at
room temperature, because the potential barrier (∼1.3
V) is high enough in comparison to the carrier energy
provided by the lateral electric field. On the contrary
in the GaSb system, the probability of carrier injection
into the depletion region is relatively high, especially at
room temperature, due to low built-in potential (∼0.65
V). Though it is quite difficult to quantitatively analyze
the unusual behavior at the present stage, it deserves special emphasis so that an appropriate current is carefully
applied to the JHEM sample of narrow bandgap semiconductors in order to avoid the useless effect, as shown
in Fig. 4. The detailed behavior of the anomaly is now
under investigation for JHEM samples whose potential
barriers are different from each other.

IV. SUMMARY
In summary, the JHEM based on a p-n junction structure was tried as a modified approach and was effective
in determining the Hall parameters of epitaxial layers
grown on conductive substrates. The utility and the suitability of the JHEM were proven by comparing the Hall
parameters taken from epitaxial n-p/SI-GaAs to those
taken from a single-layered n/SI-GaAs. The Hall param-
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