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Abstract. We investigate the temperature-dependent resistivity (�(T )) and Hall coefficient (RH(T ))
of heavily Al-doped 4H-SiC and discuss the underlying conduction mechanisms. The sign of RH(T )
changes from positive to negative in nearest-neighbor hopping (NNH) and variable-range hopping

(VRH) conduction, whereas it is positive in band conduction because Al-doped 4H-SiC is a p-type

semiconductor. We propose a general physical model to explain why RH(T ) in hopping conduction

becomes negative at low temperatures, which is applicable to both NNH and VRH conduction. More-

over, we elucidate why the activation energy for negative RH(T ) becomes similar to that of �(T ) in
NNH conduction.

Introduction

In power semiconductor devices, it is crucial to reduce energy losses, even in low-resistivity layers

such as the thick p-type collector layers of n-channel insulated-gate bipolar transistors. For p-type

SiC, however, the fabrication of heavily Al-doped substrates with very low resistivity is challeng-

ing [1, 2]. The literature contains numerous studies of the electrical transport properties of heavily

Al-implanted 4H-SiC layers [3–7], Al-doped 4H-SiC epilayers grown by chemical vapor deposi-

tion (CVD) [8, 9], and Al-doped 6H-SiC wafers grown by physical vapor transport (PVT) [10, 11].

Our group has previously investigated the temperature-dependent resistivity (�(T )) and temperature-

dependent Hall coefficient (RH(T )) for heavily Al-doped 4H-SiC epilayers grown via CVD, PVT, and

a solution method [12–20]. In the case of CVD-grown samples, we characterized the relationships be-

tween the conduction mechanisms (i.e., band, nearest-neighbor hopping (NNH), and variable-range

hopping (VRH) conduction) and both the measurement temperature (T ) and the Al concentration

(CAl) [13].We found that, although the Al dopant makes 4H-SiC a p-type semiconductor, the value of

RH(T ) for all of the samples became negative at low temperatures. We experimentally elucidated the

relationship between the sign ofRH(T ) and the band and NNH conduction regions [16,17] and found

that the activation energies (�ERHBand and �RRHNNH) associated with RH(T ) in band and NNH con-

duction, respectively, are similar to those (�E�Band and �E�NNH, respectively) for the corresponding

�(T ) [16, 17].

In the case of p-type-conducting single-crystalline SiC, the sign of RH(T ) was found to become

negative at low temperatures [3, 9, 10, 16–19]. In addition, the sign of RH(T ) has also been reported

to become negative for Mg-doped InP [21], Mn-doped InP [22], and Mg-doped GaN [23] at low tem-

peratures. In the case of Al-doped 6H-SiC, Krieger et al. [10] explained the negative RH(T ) in NNH
conduction on the basis of the amorphous semiconductor models proposed by Emin [24], Grunewald

et al. [25], Holstein [26], and Németh and M•uhlschlegel [27], where they discussed the Hall effect

for hopping conduction on a quantum theoretical basis (i.e., from the perspective of the wavefunction

of electrons). However, Street [28] has argued that these models are applicable to narrow-bandgap

materials or materials whose mobility edge is located at the center of the band, whereas conduction

in hydrogenated amorphous silicon (a-Si:H) occurs near the band edge. The sign reversal of RH(T )
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has been observed in a-Si:H, where the localized states are the dominant contributor to the resistivity.

That is, positive and negative RH(T ) values have been reported for n- and p-type a-Si:H, respec-

tively [29–31]. However, RH(T ) values with the expected sign were observed in microcrystalline Si

with a grain size as small as 3 − 5 nm [28, 32] and in a-Si:H in which extended states (i.e., delocal-

ized states) were the dominant contributor to the resistivity [33]. Thus, under Street’s argument, the

aforementioned models are not applicable to Al-doped single-crystalline SiC, and the question of why

RH(T ) for heavily-doped p-type crystalline semiconductors becomes negative remains unanswered.

That is why we attempted to individually explain the sign of RH(T ) for NNH [18] and VRH [19]

conduction using physical models developed from the perspective of electron and hole hopping.

In the present study, we rigorously investigate the conduction mechanisms for p-type 4H-SiC with

CAl greater than 2� 1020 cm−3 and reconsider the relationships between the conduction mechanisms

and the values of T and CAl. We then discuss the reason why the resistivity does not decrease with

increasing CAl. We also propose a general physical model to explain the sign of RH(T ) for hopping
conduction based on the viewpoint of electron and hole hopping. On the basis of the proposed model

for RH(T ) in hopping conduction, finally, we discuss the density of charge carriers in NNH conduc-

tion, as determined by Hall effect measurements, which leads to an explanation for why the value of

�ERHNNH becomes similar to the value of �E�NNH.

Experimental

Al-doped 4H-SiC epilayers with a thickness of approximately 90 �m were grown using a horizontal

hot-wall CVD system (VP508 GFR, Aixtron) at approximately 1620 �C on (0001)-oriented three-

inch n+-type 4H-SiC wafers (8� off-oriented toward [11�20]) [1, 2, 12]. Four Al/Ti/Al contact dots in
the van der Pauw configuration [34] were deposited by electron-beam evaporation of Al and Ti, and

the samples were subsequently annealed at 1000 �C under a N2 atmosphere. Eleven epilayers were

prepared with CAl values ranging from 2:4�1019 to 4:7�1020 cm−3, as determined by secondary-ion

mass spectrometry. Using a Hall effect measurement system (ResiTest8400, TOYO) in the tempera-

ture range of 20−600K, the �(T ) values for the samples were measured by the van der Pauw method,

and their RH(T ) values were measured under an AC magnetic field of 0:35 T at a frequency of 0:1
Hz. The techniques used to obtain reliable �(T ) and RH(T ) values were described in our previous

papers [14, 16]. The depletion layer formed by the p–n junction (i.e., a p-type epilayer/n+-type sub-

strate) has been confirmed to electrically isolate the p-type 4H-SiC epilayer from the n+-type 4H-SiC

substrate [18, 19], thereby enabling measurement of the electrical properties of the heavily Al-doped

epilayer.

Results and Discussion

Conduction mechanisms. Figure 1 shows the dependence of the resistivity at 300 K on CAl. The

resistivity for the samples with CAl > 2:4�1020 cm−3 does not decrease with increasingCAl, whereas

it does decrease for the samples with CAl < 2:4 � 1020 cm−3. Therefore, we discuss the relationship

between the conduction mechanisms and CAl.

The conduction mechanisms in semiconductors include band conduction, NNH conduction [35],

and VRH conduction [35]. Figure 2(a) and (b) show the density-of-states distribution and the energy

band diagram near the top of the valence band (EV), respectively, for Al-doped 4H-SiC. Here, N(E)
represents the density of delocalized states in the valence band and g(E) represents the density of

localized states in the bandgap above EV, which is referred to as the band tail. At low CAl, only

the holes in the valence band can flow, which corresponds to band conduction because the distance

between nearest-neighbor Al acceptor sites is too great for holes at Al acceptor sites to hop to their

nearest-neighbor Al acceptor sites. By contrast, at high CAl, holes at Al acceptor sites can hop to their

nearest-neighbor unoccupied Al acceptor sites because of the shorter distance between Al acceptor
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Fig. 1: Dependence of resistivity at 300 K on

CAl.

Fig. 2: (a) Density-of-states distribution and (b)

energy band diagram for Al-doped 4H-SiC.

sites, leading to NNH conduction. At very high Al doping levels, local lattice distortion is speculated

to increase because the covalent radius of a substitutional Al atom (0:125 nm) is larger than that of

a Si atom (0:117 nm) [1], which can lead to a local disturbance of the lattice periodicity [15]. This

periodicity disturbance indicates that band tails aboveEV and below the bottom of the conduction band

(EC) must have formed. Because the Fermi level (EF) has been reported to be located betweenEV and

the Al acceptor level (EAl) even at high temperatures in the case of heavily Al-doped 4H-SiC [36,37],

localized states must exist around EF, as depicted in Fig. 2.

Figure 2(b) illustrates band conduction, in which holes flow in the valence band, NNH conduc-

tion, in which holes at Al acceptor sites hop to their nearest-neighbor unoccupied Al sites, and VRH

conduction, in which holes at localized states around EF hop to the most easily accessible unoccupied

localized states around EF. In the case where the currents due to band, NNH, and VRH conduction

flow completely in parallel in the valence band, at EAl, and around EF, respectively, �(T ) can be

expressed as
1

�(T )
=

1

�Band(T )
+

1

�NNH(T )
+

1

�VRH(T )
; (1)

where

�Band(T ) = �0Band exp

�
�E�Band

kBT

�
; (2)

�NNH(T ) = �0NNH exp

�
�E�NNH

kBT

�
; (3)

and

�VRH(T ) = �0VRH exp

"�
T0

T

�1/4
#
: (4)

Here, �Band(T ), �NNH(T ), and �VRH(T ) denote the temperature-dependent resistivities for band, NNH,

and VRH conduction, respectively; �0Band, �0NNH, and �0VRH are the pre-exponential factors for band,

NNH, and VRH conduction, respectively; T0 is a constant associated with VRH conduction; and kB
is the Boltzmann constant. Equation 1 shows that the lowest resistivity among the three conduction

mechanisms becomes dominant at a given T . At high temperatures, band conduction is dominant

because the hole concentration (p(T )) in the valence band becomes large. By contrast, at low temper-

atures, hopping conduction becomes dominant because p(T ) becomes very low.

Temperature dependences of the resistivity andHall coefficient.Figure 3 shows plots of ln �(T )
and ln jRH(T )j versus 1/T on the same vertical scale for the sample with a CAl of 9:6 � 1019 cm−3.
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Fig. 3: Plots of ln �(T ) and ln jRH(T )j versus
1/T for the sample with a CAl of 9:6� 1019.
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Fig. 4: Plots of ln �(T ) and ln jRH(T )j versus
1/T for the sample with aCAl of 3:5�1020 cm−3.

The data in the ln �(T ) versus 1/T plot are best approximated by two straight lines, indicating that,

from Eqs. 2 and 3, the dominant conduction mechanisms at high and low temperatures are band and

NNH conduction, respectively. The temperature at the point of intersection of the two solid straight

lines extrapolated from the higher- and lower-temperature regions is denoted TBH, the value of which

is 85 K for the sample with a CAl of 9:6� 1019 cm−3.

In Fig. 3, RH(T ) becomes negative for NNH conduction. The broken straight line for negative

RH(T ) is drawn using the same slope of �(T ), indicating that in NNH conduction �ERHNNH is very

close to�E�NNH. The findings of negative RH(T ) for NNH conduction and�ERHNNH ' �E�NNH are

observed for the samples with CAl � 1:5� 1020 cm−3.

Figure 4 shows plots of ln �(T ) and ln jRH(T )j versus 1/T for the sample with a CAl of 3:5� 1020

cm−3. The data in the ln �(T ) versus 1/T plot at high temperatures are best approximated by a straight

line, indicating that the dominant conduction mechanism at high temperatures is band conduction. The

data in the plot at low temperatures, however, cannot be approximated by a straight line. The value of

TBH is approximately 320 K, which is estimated to be the lowest temperature at which the data obey

Eq. 2.

Figure 5 shows plots of ln �(T ) and ln jRH(T )j versus T−1/4 for the epilayer with a CAl of 3:5 �
1020 cm−3. The data in the ln �(T ) versus T−1/4 plot are best approximated by a straight line, which,

according to Eq. 4, indicates that the dominant conduction mechanism at low temperatures is VRH

conduction. At low temperatures in the VRH conduction region, RH(T ) is negative for the samples

with CAl � 1:8� 1020 cm−3.

Figure 6 shows the relationship between the conduction mechanisms and the values of T and CAl.

For the epilayers withCAl � 1:8�1020 cm−3, the dominant conduction mechanism is band conduction

at high temperatures and NNH conduction at low temperatures. For the epilayers with CAl values of

2:4�1019 and 3:4�1019 cm−3, an unexpected conductionmechanism, referred to here as X conduction,

appears between the band and NNH conduction regions [13, 20].

For the samples with CAl > 2:4� 1020 cm−3, the dominant conduction mechanism at room tem-

perature is found to be VRH conduction, which originates from a local disturbance of the lattice pe-

riodicity due to the high degree of Al doping. This indicates that in VRH conduction the resistivity

does not decrease with increasing CAl, whereas it decreases in band conduction.

Hall coefficient.Weconsider three types ofHall coefficients:RHBand(T ),RHNNH(T ), andRHVRH(T ),
corresponding to band, NNH, and VRH conduction, respectively. Figure 7(a) and (b) show the con-
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figuration of the Hall measurement system and the equivalent circuit for the measured Hall voltage

(VH(T )), respectively, wherew is the thickness of the sample and four electrodes (electrodes 1 to 4) are

positioned at the four corners of the sample. Here, B is the applied magnetic flux density; VHBand(T ),
VHNNH(T ), and VHVRH(T ) are the Hall voltages corresponding to band, NNH, and VRH conduction,

respectively; and rBand(T ), rNNH(T ), and rVRH(T ) are the resistances between electrodes 2 and 4 for

band, NNH, and VRH conduction, respectively. The applied current (I) flowing from electrode 1 to

electrode 3 is expressed as

I = IBand + INNH + IVRH; (5)

where IBand, INNH, and IVRH are the currents due to band, NNH, and VRH conduction, respectively.

VH(T ) and VHBand(T ) are respectively expressed as

VH(T ) = RH(T )
IB

w
(6)

and

VHBand(T ) = RHBand(T )
IBandB

w
: (7)

Analogous to VHBand(T ), VHNNH(T ) and VHVRH(T ) are defined as

VHNNH(T ) � RHNNH(T )
INNHB

w
(8)

and

VHVRH(T ) � RHVRH(T )
IVRHB

w
; (9)

respectively. From the equivalent circuit diagram in Fig. 7(b), RH(T ) can be derived as [17, 18]

RH(T ) =

�
�(T )

�Band(T )

�2
RHBand(T ) +

�
�(T )

�NNH(T )

�2
RHNNH(T ) +

�
�(T )

�VRH(T )

�2
RHVRH(T ): (10)

As evident from Figs. 3–5 and Eq. 10, RHNNH(T ) and RHVRH(T ) should be negative. Therefore,

we discuss the sign of RH(T ) in hopping conduction.
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Fig. 7: Schematic diagrams of (a) the configura-

tion of the Hall measurement system and (b) the

equivalent circuit for the measured Hall voltage.

Fig. 8: Schematic diagrams of NNH and VRH

conduction, and equivalent circuit for the Hall

voltage due to hopping (NNH or VRH) current.

General physicalmodel for the sign ofRH(T ) in hopping conduction. Figure 8 shows schematic

diagrams of NNH and VRH conduction under an electric field (E) andB. Panels (a) and (b) depict the

hopping of a hole or an electron for NNH conduction under E in an energy band diagram and under

B in real space, respectively. The inset shows the hopping direction of the charge carriers, i.e., the

force (F ) affecting the flowing charge carriers, for left-to-right flowing current (I) with B directed

toward the rear of the plane. Panels (c) and (d) show hole or electron hopping for VRH conduction

under E in an energy band diagram and under B in real space, respectively. Although the phenomena

illustrated in Fig. 8(b) and (d) can be described by classical physics, the direction of highest transfer

probability for charge carriers under B, which is quantum-theoretically derived, has been reported to

coincide with the direction indicated by the Lorentz force [38].

Under E , in general, an electron hops from a bandgap state (e.g., acceptor, donor, and localized

state) to another bandgap state unoccupied by an electron. Analogous to the concept of holes in the

valence band, the bandgap state unoccupied by an electron can be regarded as the bandgap state occu-

pied by a hole. Therefore, the hopping of holes is the same phenomenon as the hopping of electrons,

and the hopping directions are opposite to each other, as depicted in Fig. 8(a) and (c), indicating that

the mathematical representation for the hopping probability of holes between two bandgap states is

the same as that of electrons. Consequently, the current in hopping conduction can be explained not

only by the hopping of electrons from bandgap states to other bandgap states unoccupied by electrons

but also by the hopping of holes from bandgap states to other bandgap states unoccupied by holes,

as shown in Fig. 2(b). Because the density of hopping holes is the same as that of hopping electrons

under E , the net density of hopping charge carriers is referred to as nHopping(T ).

In the following, we discuss the sign of RH(T ) from the perspective of the hopping of electrons

and holes. For a left-to-right hopping current (IHopping), holes and electrons (of which nHopping consists)

transfer in the upward direction under B directed toward the back of the plane, which results in a

change of the charged state of the upper localized sites. In the case where the charged state becomes

negative, which is defined as the hopping of electrons under B, this change in the charged state con-

tributes to a negative Hall voltage. In the opposite case, which is defined as the hopping of holes under

B, the change in the charged state contributes to a positive Hall voltage. These results indicate that

the sign of RH(T ) depends on the change of the charged state of hopping sites under B.

Figure 8(e) shows the equivalent circuit for the measured Hall voltage due to hopping conduc-

tion (VHHopping(T )), where VHh(T ) and VHe(T ) are the Hall voltages due to the hopping of holes and
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electrons, respectively, under B and rHopping(T ) is the resistance between electrodes 2 and 4 due to

hopping conduction in Fig 7.

Assuming that holes or electrons, of which nHopping(T ) consists entirely, can hop under B, the

absolute value of the ideal Hall voltage due to hopping conduction (VH0Hopping(T )) is defined as [38]

VH0Hopping(T ) � RH0Hopping(T )
IHoppingB

w
; (11)

where RH0Hopping(T ) is the absolute value of the ideal Hall coefficient for hopping conduction. This is
determined by

RH0Hopping(T ) =

Hopping

qnHopping(T )
; (12)

where q is the elementary charge and 
Hopping is the Hall factor for hopping conduction.
BecauseB affects hopping charge carriers whose density is nHopping, the ratio between the hopping

probability of holes (Ph(T )) and the hopping probability of electrons (Pe(T )) due to B is the ratio

between the density of hopping sites for holes and the density of hopping sites for electrons under B.

Here,

Ph(T ) + Pe(T ) = 1: (13)

The ratio between the amount of holes and the amount of electrons that accumulate at electrode 4 in

Fig. 7(a) when B is applied is the ratio between Ph(T ) and Pe(T ). Because the internal resistance in
the electronic voltmeter is too high for the current to flow, the voltage drop at rHopping(T ) in Fig. 8(e)
is nearly equal to 0 V. Therefore, the ratio between VHh(T ) and VHe(T ) in Fig. 8(e) becomes the ratio

between Ph(T ) and Pe(T );
VHh(T ) = VH0Hopping(T )Ph(T ) (14)

and

VHe(T ) = VH0Hopping(T )Pe(T ): (15)

Consequently, VHHopping(T ) can be expressed as

VHHopping(T ) = VHh(T )− VHe(T ) = VH0Hopping(T ) [Ph(T )− Pe(T )] ; (16)

the physical implication of which is the recombination of the holes and electrons accumulated at elec-

trode 4.

In hopping conduction, electrons or holes are restricted to seeking unoccupied sites to hop to,

indicating that the sign of RH(T ) is determined by the difference between the density of hopping sites

for holes and the density of hopping sites for electrons under B. That is, the sign of RH(T ) becomes

negative when the density of sites to which electrons can hop under B is greater than the density of

hopping sites for holes. Conversely, the sign of RH(T ) becomes positive when the density of sites to

which holes can hop under B is greater than the density of hopping sites for electrons.

Sign of RH(T ) in NNH conduction. In NNH conduction, as shown in Fig. 8(a), under E an elec-

tron hops from a negatively ionized Al acceptor (Al−) site to its nearest-neighbor neutral Al acceptor

(Al0) site or a hole hops from an Al0 site to its nearest-neighbor Al− site.

In Fig. 8(e), VHHopping(T ) and rHopping(T ) are replaced by VHNNH(T ) and rNNH(T ), respectively.
Moreover, VH0Hopping(T ), RH0Hopping(T ), 
Hopping, and nHopping(T ) are replaced by the absolute value

of the ideal Hall voltage (VH0NNH(T )), the absolute value of the ideal Hall coefficient (RH0NNH(T )),
the Hall factor (
NNH), and the density of hopping charge carriers (nNNH(T )) for NNH conduction,

respectively. From Eqs. 11 and 12, VH0NNH(T ) and RH0NNH(T ) are respectively expressed as

VH0NNH(T ) = RH0NNH(T )
INNHB

w
(17)

and

RH0NNH(T ) =

NNH

qnNNH(T )
: (18)
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The existence probabilities of Al− and Al0 sites are fA(EAl) and 1− fA(EAl), respectively, where
fA(E) is the Fermi–Dirac distribution function for acceptors and defined as

fA(E) =
1

1 + gA exp

�
E − EF

kBT

� ; (19)

and gA is the acceptor degeneracy factor. Because holes can hop fromAl0 sites to their nearest-neighbor

Al− sites and electrons can hop fromAl− sites to their nearest-neighbor Al0 sites, Ph(T ) and Pe(T ) are
replaced by fA(EAl) and 1−fA(EAl), respectively. Consequently, VHh(T ) and VHe(T ) are respectively
expressed as

VHh(T ) = VH0NNH(T )fA(EAl) (20)

and

VHe(T ) = VH0NNH(T ) [1− fA(EAl)] ; (21)

using Eqs. 14 and 15. VHNNH(T ) can be derived using Eqs. 16, 20, and 21 as

VHNNH(T ) = VHh(T )− VHe(T ) = VH0NNH(T ) [2fA(EAl)− 1] : (22)

Using Eqs. 8, 17, and 22, we obtain RHNNH(T ) as

RHNNH(T ) = RH0NNH(T ) [2fA(EAl)− 1] ; (23)

indicating thatRHNNH(T ) is positive when fA(EAl) > 0:5 and negative when fA(EAl) < 0:5. In p-type
semiconductors, in general, RHNNH(T ) is negative at low temperatures because EF is intermediate

between EAl and EV; that is, fA(EAl) < 0:5. Consequently, in heavily Al-doped 4H-SiC, RH(T )
becomes negative for NNH conduction.

Sign ofRH(T ) in VRH conduction. In VRH conduction, holes or electrons can hop to unoccupied

localized states for energies between EF ��E [19,35]. As shown on the left side of Fig. 8(c), under

E an electron hops from a localized state to a higher-energy localized state unoccupied by an electron

(i.e., LS+h+) or a hole hops from a localized state to a higher-energy localized state unoccupied by

a hole (i.e., LS+e−). The right side of Fig. 8(c) shows that under E an electron hops from a localized

state to LS+h+ with lower energy or a hole hops from a localized state to LS+e− with lower energy.

In Fig. 8(e), VHHopping(T ) and rHopping(T ) are replaced by VHVRH(T ) and rVRH(T ), respectively.
Moreover, VH0Hopping(T ), RH0Hopping(T ), 
Hopping, and nHopping(T ) are replaced by the absolute value

of the ideal Hall voltage (VH0VRH(T )), the absolute value of the ideal Hall coefficient (RH0VRH(T )),
the Hall factor (
VRH), and the density of hopping charge carriers (nVRH(T )) for VRH conduction,

respectively. From Eqs. 11 and 12, VH0VRH(T ) and RH0VRH(T ) are respectively expressed as

VH0VRH(T ) = RH0VRH(T )
IVRHB

w
(24)

and

RH0VRH(T ) =

VRH
qnVRH

: (25)

UnderB, a large amount of holes at energy levels lower thanEF can easily hop to LS+e
− at energy

levels higher than EF; in addition, a large amount of electrons at energy levels higher than EF can

easily hop to LS+h+ at energy levels lower thanEF. Therefore, the approximate hopping probabilities

of holes (PhVRH(T )) and electrons (PeVRH(T )) under B can be defined as [19]

PhVRH(T ) �
R EF+�E

EF
g(�)fLS(�)d�

Nsum(T )
; (26)
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and

PeVRH(T ) �
R EF

EF−�E
g(�) [1− fLS(�)] d�

Nsum(T )
; (27)

with

Nsum(T ) �
EF+�EZ
EF

g(�)fLS(�)d�+

EFZ
EF−�E

g(�) [1− fLS(�)] d�; (28)

where � is the energy and fLS(�) is the Fermi–Dirac distribution function for the localized states.

In the case where g(E) around EF decreases with increasing E (e.g., the band tail above EV), as

shown in Fig 2(a),
EF+�EZ
EF

g(�)fLS(�)d� <

EFZ
EF−�E

g(�) [1− fLS(�)] d�: (29)

Therefore,

PhVRH(T ) < PeVRH(T ): (30)

However, in the case where g(E) around EF increases with increasing E (e.g., the band tail below

EC),

PhVRH(T ) > PeVRH(T ): (31)

BecausePh(T ) andPe(T ) can be approximately replaced byPhVRH(T ) andPeVRH(T ), respectively,
VHh(T ) and VHe(T ) in Fig. 8(e) can be described as

VHh(T ) ' VH0VRH(T )PhVRH(T ) (32)

and

VHe(T ) ' VH0VRH(T )PeVRH(T ); (33)

and we can then derive the expression for VHVRH(T ) as

VHVRH(T ) = VHh(T )− VHe(T ) ' VH0VRH(T ) [2PhVRH(T )− 1] : (34)

Consequently, we obtain RHVRH(T ) as

RHVRH(T ) ' RH0VRH(T ) [2PhVRH(T )− 1] ; (35)

indicating that RHVRH(T ) becomes negative in the case where PhVRH(T ) < 0:5 (e.g., the band tail

above EV) and positive in the case where PhVRH(T ) > 0:5 (e.g., the band tail below EC). In other

words, RHVRH(T ) becomes negative in p-type semiconductors and positive in n-type semiconductors.

Thus, our simple physical model can explain the sign reversal ofRH(T ) in a-Si:H; that is, it can explain
why negative and positiveRH(T ) values were observed in p-type and n-type a-Si:H, respectively [29–
31]. In the case of heavily Al-doped 4H-SiC, finally, we demonstrate that RH(T ) becomes negative

for VRH conduction.

Net density of hopping charge carriers in NNH conduction.When the density of Al0 (nAl0) is

greater than the density of Al− (nAl−), INNH is explained by the hopping of all of the electrons at Al−

sites to their nearest-neighbor Al0 sites. From a different perspective, INNH can also be described by

the hopping of a portion of the holes at Al0, whose density is equal to nAl− , to their nearest-neighbor

Al− sites. These descriptions indicate that

nNNH(T ) = nAl− = NAlfA(EAl); (36)

where NAl is the density of Al acceptors, which is less than or equal to CAl.
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When nAl0 is less than nAl− , by contrast, INNH can be explained by the hopping of all of the holes

at Al0 sites to their nearest-neighbor Al− sites or by the hopping of a portion of the electrons at Al−

sites, whose density is equal to nAl0 , to their nearest-neighbor Al
0 sites. Therefore,

nNNH(T ) = nAl0 = NAl [1− fA(EAl)] : (37)

In other words, at fA(EAl) < 0:5,

nNNH(T ) = NAlfA(EAl); (38)

and at fA(EAl) > 0:5,
nNNH(T ) = NAl [1− fA(EAl)] : (39)

Activation energies for NNH conduction. For NNH conduction, analogous to band conduction,

�NNH(T ) can be defined as

�NNH(T ) =
1

�NNH(T )
� 1

qnNNH(T )�NNH(T )
; (40)

where �NNH(T ) is the conductivity for NNH conduction and�NNH(T ) is themobility of hopping charge

carriers for NNH conduction.

The density of charge carriers determined by Hall effect measurements (nHallNNH(T )) is defined as

RHNNH(T ) �

NNH

qnHallNNH(T )
: (41)

From Eqs. 12, 23, and 41, we obtain the relationship between nHallNNH(T ) and nNNH(T ) as

nHallNNH(T ) =
nNNH(T )

2f(EAl)− 1
: (42)

Here, negative and positive values of nHallNNH(T ) are regarded as the electron density and the hole

density, respectively.

In heavily Al-doped 4H-SiC, because EF at low temperatures is located between EAl and EV

[36, 37],

fA(EAl) ' 0: (43)

Thus, from Eqs. 18 and 23,

RHNNH(T ) = RH0NNH(T ) [2f(EAl)− 1] ' −RH0NNH(T ) = − 
NNH
qnNNH(T )

; (44)

and from Eq. 19,

fA(EAl) =
1

1 + gA exp

�
EAl − EF

kBT

� ' 1

gA
exp

�
−EAl − EF

kBT

�
; (45)

indicating that, from Eq. 38,

nNNH(T ) '
NAl

gA
exp

�
−EAl − EF

kBT

�
: (46)

Equations 40 and 44 respectively show that

�NNH(T ) '
gA

qNAl�NNH(T )
exp

�
EAl − EF

kBT

�
(47)
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and

RHNNH(T ) ' −
NNHgA
qNAl

exp

�
EAl − EF

kBT

�
: (48)

Because EF is weakly dependent on T at low temperatures [36, 37], the value of EAl − EF in Eqs. 47

and 48 is nearly constant at low temperatures, indicating that

�ERHNNH = EAl − EF: (49)

However, �NNH(T ) results in a difference of the temperature dependences between Eqs. 47 and 48.

At fA(EAl) < 0:5, �NNH(T ) in NNH conduction is proportional to (1) the density of hopping charge

carriers (i.e., nNNH(T )); (2) the probability of Al acceptor sites being unoccupied by charge carriers at
EAl (i.e., 1− fA(EAl)); (3) the wave function overlap of the two nearest-neighbor Al acceptor states,
which can be expressed as exp(−2RAl/�0) [28], where RAl is the average distance between nearest-

neighbor Al acceptor sites and �0 is the localization length of Al acceptors; and (4) the thermally

assisted transfer rate over the difference in energy (WAl) between two nearest-neighbor Al acceptor

levels, which can be described as �ph exp(−WAl/kBT ). Therefore,

�NNH(T ) / qnNNH(T ) [1− fA(EAl)] exp

�
−2RAl

�0

�
�ph exp

�
−WAl

kBT

�
: (50)

From Eqs. 40 and 50,

�NNH(T ) = C [1− fA(EAl)] exp

�
−2RAl

�0

�
�ph (51)

becauseWAl ' 0, where C is a proportional constant. Because fA(EAl) ' 0 at low temperatures,

�NNH(T ) ' C�ph exp

�
−2RAl

�0

�
: (52)

Compared with nNNH(T ), �NNH(T ) exhibits very weak temperature dependence, similar to the tem-

perature dependence of �ph, indicating that

�E�NNH ' EAl − EF: (53)

Consequently, at low temperatures, the activation energy of RH(T ) is similar to that of �(T ).
Furthermore, the value of EAl − EF for the sample with a CAl of 9:6 � 1019 cm−3 is approximately

estimated as 32 meV from the slopes at low temperatures in Fig. 3.

Conclusions

We investigated �(T ) and RH(T ) for thick heavily Al-doped p-type 4H-SiC epilayers grown by CVD

and determined the relationship between the conduction mechanisms and the values of T and CAl,

from which the resistivity in VRH conduction is found not to decrease with increasing CAl.

We have also proposed a general physical model to explain negative RH(T ) at low temperatures

in hopping conduction from the viewpoint of the hopping of electrons and holes, which is applicable

to NNH and VRH conduction. In hopping conduction, electrons or holes are restricted to seeking

unoccupied sites to which to hop, indicating that the sign of RH(T ) is determined by the difference

between the density of hopping sites for holes and the density of hopping sites for electrons under an

applied magnetic flux density.RH(T ) becomes negative when the occupation probability for electrons

at EAl is less than 0:5 in NNH conduction or when the localized-state density around EF decreases

with increasing E in VRH conduction.
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In NNH conduction, the density of charge carriers determined by Hall effect measurements is

found to be nNNH(T )/(2f(EAl) − 1), where nNNH(T ) is the net density of hopping charge carriers

from which the NNH current arises.

Furthermore, we have elucidated the reason why the activation energy of RH(T ) approaches that
of �(T ) in NNH conduction and can estimate the approximate values of EAl −EF from the activation

energies of �(T ) and RH(T ) in NNH conduction.
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