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ELECTRON AND HOLE MOBILITY
IN SEMICONDUCTOR DEVICES

Carrier mobility in a semiconductor is one of the most impor-
tant parameters for the operation of electronic devices. Actu-
ally, the mobility measures the ability of free carriers (elec-
trons or holes) to move in the material as it is subjected to an
external electric field. The magnitude of the mobility directly
impacts on the device performance since it determines the op-
eration speed through the transit time across the device, the
circuit operating frequency, or the sensitivity in magnetic
sensors.

Therefore, for a long time, the search for materials with
the highest mobility has driven the research in the electronics
industry. In practice, only two semiconductors, silicon (Si)
and gallium arsenide (GaAs), have been recognized as being
the most suitable for the viewpoint of industrial standards.
Silicon is the leading semiconductor material for today’s elec-
tronics since it is used in more than 95% of the semiconductor
market. Silicon is mostly used for very large-scale integration
(VLSI) microelectronics including bipolar and metal-oxide-
semiconductor (MOS) transistors technologies which feature
high complexity and large speed (microprocessor, microcon-
troller, microsystem, etc.) or large memory capacity [Static
Random Access Memory (SRAM), Dynamic Random Access
Memory (DRAM), Electrically Erasable Programmable Read-
Only Memory (EEPROM), etc.]. GaAs is well suited for very
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high speed electronics with operating frequencies from 10 The proportionality factor between the drift velocity and the
GHz to 100 GHz because of its higher mobility (as compared electric field is by definition the carrier mobility �c. For an
to silicon). GaAs is the leading material used in optoelectronic ensemble of carriers of volume density n, the resulting cur-
applications because of its direct optical bandgap which rent is J � qnv, which allows the electrical conductivity to be
allows high photonic quantum yield. defined as � � J/F � q�cn (Ohm’s law).

The carrier mobility in a material is limited by various In the case of a semiconductor the carriers have a distrib-
scattering mechanisms whose effect is to deviate the carrier uted kinetic energy E which has to be taken into account for
trajectory or to absorb the energy gained by the carriers fol- real calculation of conductivity and mobility. The Boltzmann
lowing the electric field acceleration. Typical scattering pro- transport equation or the Kubo–Greenwood integral can in
cesses include lattice vibrations (phonons), charged impuri- general be used to evaluate such quantities yielding the fol-
ties, crystal imperfections, interfaces or surfaces, and lowing important relations (3–6):
interactions with other carriers. It is intuitively obvious that
the mobility will be larger in crystalline semiconductors with
low density of defects, small number of phonons, and light
carrier effective mass. The latter aspect is basically related to
the band structure of the material and, in turn, cannot be
easily improved by the fabrication process. The phonon num-
ber can significantly be attenuated by decreasing the lattice
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temperature, resulting in a higher mobility that justifies the
low temperature operation as an effective means for circuit where �(E) � 2qE�(E)N(E)/3 is called the energy conductivity
performance improvement. The quality of the raw material is function: �(E) � q�(E)/m* is the energy mobility function re-
not a concern due to the tremendous progress realized in crys- lated to the mean scattering time �(E), for each energy E;
tal growth techniques, especially in the silicon industry where N(E) is the band density of states (mostly parabolic �E1/2);
wafers as large as 30 cm with less than one defect per square and f (E) is the Fermi–Dirac function. Actually, �(E) and
centimeter are commercially available. As a result, the carrier �(E) represent the conductivity and mobility, respectively, if
mobility in the semiconductor substrate is essentially limited the Fermi level Ef were placed at a given energy in the band.
by the presence of intentional doping impurities in the active This situation occurs when degeneracy is reached: that is, for
regions of the components such as the base of bipolar devices a highly doped semiconductor or a metal where the Fermi
and the channel of field effect transistors (FET). level lies in the conduction band.

In this article the basic aspects of electronic transport in a In presence of a magnetic field B perpendicular to the ap-
semiconductor will be addressed, first with a special emphasis

plied electric field F, the carriers are subjected to the Lorentzon the mobility behavior. Then a brief review of the transport
force f � qv  B, which is counterbalanced by an electricalproperties for Silicon and GaAs will be presented owing to
force associated with the Hall electric field FH � �f /q �typical electron and hole mobility data for majority and mi-
�RHJ  B with RH � 1/(qn) being the Hall constant (see HALLnority carriers. Finally, some specific mobility results for field
EFFECT TRANSDUCERS). The Hall mobility is given by definitioneffect transistors such as Si MOSFETs and GaAS hetero-
as �H � RH�. It can be shown that in the Kubo–Greenwoodstructure field effect transistors (HFET) will be discussed. It
formulation it is related to �(E) and �(E) as (4,7),should be mentioned that only the electronic transport under

low electric condition will be treated in this article. Informa-
tion about high field transport can be found elsewhere (see
article on hot electron in semiconductor).

The favorable properties of silicon–germanium alloys have
recently stimulated increasing activities in the area of device
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research. Tremendous performances for n–p–n heterojunc-
tion bipolar transistors and p-type MOSFETs have thus been The Hall mobility is therefore different from the conductivity
obtained using SiGe base or SiGe buried channel. The mobil-

mobility �c. The ratio r � �H/�c is called the Hall factor andity behavior in such material goes beyond the scope of this
is close to unity in most cases (8). The detailed calculation ofarticle. The interested reader can find appropriate informa-
the mobility requires the specification of the scattering pro-tion in the literature (1,2).
cess energy laws. In bulk material there are typically two
main scattering mechanisms i.e. the acoustic or optical pho-

BASIC THEORY OF ELECTRONIC TRANSPORT non scattering and the collision on neutral or charged impuri-
IN SEMICONDUCTORS

ties. For acoustic phonon lattice scattering, the mobility en-
ergy function reads (3,9),As a carrier of charge q, say an electron, is accelerated by a

low electric field F, its instantaneous velocity is proportional
to the time t as v(t) � qtF/m*, with m* being its effective
mass. Indeed, if no scattering processes were present, it

µac(E, T ) = qπρu2
s�
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would reach an infinite speed. In steady-state regime, the
drift velocity v of the carrier becomes saturated and is propor-

where us is the sound velocity (�105 cm/s), � is the specifictional to the mean time between two collisions � such that,
mass density (2 to 4 g/cm3), E1 is the acoustic deformation
potential (5 to 8 eV), T is the temperature, and � is the re-
duced Planck constant. For optical phonon scattering more

v = qτ

m∗ F = µcF (1)
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complicated expressions have been worked out such as (3,10).

µop(E, T ) = 4qπρ�2kθ

23/2m∗5/2D2
0

1
(n0 + 1)(E − kθ )1/2n0(E + kθ )1/2

(5)

where n0 � 1/[exp(�/T) � 1] is the phonon distribution func-
tion, � is the optical phonon temperature, D0 is a constant
(�4–6  108 eV/cm), and k is the Boltzmann constant.

For Coulomb or ionized impurity scattering the mobility is
well described by the Brooks–Herring formula (11,12),
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(6) Figure 1. Experimental (symbols) and theoretical (solid lines) varia-
tions of the electron and hole mobility with doping concentration for

where Ni is the ionized impurity density, � is the silicon di- bulk silicon [Data points from ATLAS User Manual, SILVACO Int.,
electric permittivity, and �s is the screening length. April 1997 (20)].

When several scattering processes play a role indepen-
dently in the material, the Matthiessen rule stipulates that
one can add separately the probability of each scattering rate diodes. Therefore, in this section typical mobility data for
for a given kinetic energy E such that the total mobility bulk silicon and gallium arsenide materials are presented for
�tot(E) can be obtained, approximately, from majority and minority carrier transport.

Bulk Silicon
1

µtot(E)
= 1

µac(E)
+ 1

µii(E)
+ · · · (7)

The majority carrier mobility dependence with doping concen-
tration is illustrated in Fig. 1 for bulk silicon as measured atFor a nondegenerate semiconductor, the Boltzmann statistics
room temperature. As it is clear from this figure, the electronapply so that the mean kinetic energy of the carriers is �E� �
and hole mobility does decrease as the doping level is in-3kT/2. Therefore, the temperature dependence of the mobility
creased, being divided by 2 for a concentration aroundcan be approximately obtained by replacing E by 3kT/2 in the
1017/cm3. This typical behavior is well interpreted by a combi-scattering equations, yielding a T�3/2 and T3/2 theoretical de-
nation of phonon and ionized impurity scatterings as indi-pendence for acoustic phonon and ionized impurity scattering,
cated by the solid lines in Fig. 1 obtained with the transportrespectively (3,4).
model of Eqs. (2)–(7). To this end only two parameters haveAnother important transport coefficient directly related to
been used to fit the data from low to high doping densities:the mobility is the so-called diffusion constant or diffusivity,
the respective amplitude of acoustic phonon intensity andD. This coefficient relates the diffusion current to the carrier
coupling constant for ionized impurity collision (9,10,18,19).concentration gradient as J � �qD�n (Fick’s law). The equa-

tion between the mobility and the diffusivity is known as the
(generalized) Einstein relation and is given by (3,4)

q2D = σ

∂n/∂Ef
(8)

This equation reduces to the classical Einstein relation for
nondegenerate semiconductors as qD � �ckT for isotropic ma-
terials.

MOBILITY IN BULK SILICON AND GALLIUM ARSENIDE

The electron and hole mobility in semiconductors has been
the subject of much research for many years (11,13–17). Most
of the effort has been made to measure and interpret the mo-
bility dependence with temperature and carrier concentra-
tion. Both the majority and minority carrier mobilities have
been studied in order to provide reliable data and empirical
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laws applicable to device simulation. The majority carrier mo-
bility prevails for devices such as junction field effect transis- Figure 2. Experimental (symbols) and theoretical (solid line) varia-
tors (JFET) and accumulation-mode MOSFETs. The minority tions of the electron mobility with doping concentration for bulk sili-
carrier mobility is mostly important for devices where carrier con; the fitting curves are obtained using Eq. (9) (After Masetti et al.

IEEE Trans. Electron. Devices, ED-30: 767, 1983).injection is dominant as in bipolar transistors and junction
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For higher doping concentration a deviation from the sim-
ple model valid up to 1019/cm3 does appear, which can be well
explained by the incomplete ionization rate of impurities and
additional scattering term by neutral impurities (9,10,18,19).
Empirical models have been proposed to fit Si mobility data
from low to very high doping concentrations (9,10,18,19,21).
A simple formula for the electron mobility is given by (17,19),

µn = µmin + µmax − µmin

1 + (N/Cr)α
− µ1

1 + (Cs/N)β
(9)
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Figure 4. Experimental (symbols) and theoretical (solid lines) varia-
tions of electron (a) and hole (b) minority carrier mobility with doping
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(a)
concentration in bulk silicon. The dashed lines show the correspond-
ing curves for the majority carrier mobilities. All theoretical curves
are calculated with Klaassen’s model (21) (After Stephens and Green,
J. Appl. Phys., 74: 6212, 1993).

where �min � 40 to 60 cm2/Vs, �max � 1400 cm2/Vs (470
cm2/Vs for hole), �1 � 30–50 cm2/Vs, Cr � 1017/cm3, Cs � 3 to
5  1020/cm3, � � 0.7, and � � 2. Figure 2 shows typical fit-
ting for electron mobility data obtained by using Eq. (9) for
the doping range 1019/cm3 to 1022/cm3.

The temperature variation of the majority carrier mobility
has been discussed in terms of acoustic phonon and Coulomb
scattering since the early 1950s (11,13). Representative elec-
tron and hole mobility data versus temperature are displayed
in Fig. 3 for various donor and acceptor doping levels. The
mobility decreases with T�2 for low doping density and is
characteristic of a phonon scattering process. The flattening
or small increase of the mobility with temperature is due to
the increased contribution of the ionized impurity scattering
at higher doping concentration. Empirical mobility models
have been proposed to fit these temperature variations
(dashed lines of Fig. 3) (9,22).

The mobility of minority carriers is a key parameter, for
example, in bipolar transistors since it controls the transit
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time across the base. For this reason, a lot of studies has been
devoted to its measurements and modeling (21,23–26). BothFigure 3. Experimental (symbols) and theoretical (dashed lines)
photo-injection (27) or electrical injection (26) techniques havevariations of the electron (a) and hole (b) mobility with temperature
been used for its assessment. Figure 4 shows typical variationfor various doping concentrations in silicon (After Klaasen, Solid

State Electron., 35: 961, 1992). of the minority carrier mobility for electrons and holes as
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measured by microwave reflectance photo-injection technique tion of such mobility data has been achieved with models sim-
ilar to those used for bulk silicon including lattice and ionized(27). It is worth noting from this figure that the minority mo-

bility is not very much different from the majority one. This impurity scattering for both majority and minority transport
(16,17,28,29).feature has been well interpreted on the basis of the electron-

hole scattering process (21,23). Actually, early work by The temperature dependence of the electron and hole mo-
bility in bulk GaAs has been studied intensively using HallFletcher (23) shows that the minority carrier mobility can be

evaluated after considering that majority carriers act as effect. Typical Hall mobility data are shown in Fig. 6 for vari-
ous doping concentrations. As for bulk silicon the mobility de-charged impurity scatterers and vice versa. Therefore the mi-

nority carrier mobility can be approximately calculated using creases with T�2.3 for low doping density due to prevailing
polar phonon scattering and increases with T1.5 at lowthe same formula as for majority carriers after replacing the

ionized impurity density Ni by (n � p) (19) or �np (24) (n and temperature where ionized impurity scattering dominates
(16,17).p referring to the free electron and hole concentration, respec-

tively). For more information about the electrical properties of
GaAs the reader should also refer to the article on III–V
semiconductors.Gallium Arsenide

The majority and minority carrier mobility dependence with
doping concentration measured at room temperature for bulk MOBILITY IN FIELD EFFECT DEVICES
GaAs is displayed in Fig. 5 (a–c). As for silicon, the carrier
mobility follows the same behavior with a maximum value of The transport in field effect devices has been intensively stud-

ied since the development of silicon MOSFETs in the 1960sabout 7000 cm2/Vs to 8000 cm2/Vs reached at low doping
where ionized impurity scattering is small and then decreases and GaAs HFETs during the 1970s [see the extensive review

by Ando et al. (30)]. The tremendous performance of Si MOS-with the doping concentration. Note the very poor hole mobil-
ity amplitude which is close to that of silicon. The interpreta- FETs leads to the progress of silicon microelectronics for the
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where Qi is the inversion charge, Qd is the depletion charge,
and � is a weighting factor close to 1/2.

The carrier scattering in MOSFET inversion layers is basi-
cally governed by similar mechanisms as in bulk material:
that is, phonon and charged impurity scattering processes to
which one might add the surface roughness scattering due to
the interface asperity. The theory of phonon scattering in 2D
systems predicts a mobility behavior with T�1 (like in bulk
silicon) and E�1/3

eff due to the limited extension of the inversion
layer (37). The scattering by charged impurities located close
to the inversion layer leads to a mobility varying with T (in-
stead of T3/2 for bulk material) and as N�1

i (the areal ionized
impurity density) (38). Surface roughness scattering yields a
reduction of the mobility with E�2

eff and (
L)�2 with the mean
asperity, 
, and length, L, of the surface roughness (39). As
for bulk transport the overall mobility can be evaluated after
adding the different scattering rates using the Matthiessen
rule.

Typical variations of the mobility in Si MOSFETs which
illustrate its universal dependence with effective electric field
Eeff are given in Fig. 7. At low field the mobility reaches a
plateau whose level depends primarily on the substrate dop-
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ing density in the bulk material. This typical mobility behav-

Figure 6. Experimental (symbols) and theoretical (dashed lines) ior has lead to an empirical law, useful for Si MOSFET device
variations of the electron Hall mobility with temperature for various simulation, of the form (32,40,41)
doping density (A, 5  1013/cm3; B, 1015/cm3; and C, 5  1015/cm3) in
bulk GaAs. The dashed line curves show the expected contributions
of three major scattering processes (After Blakemore, J. Appl. Phys.,
53: R123, 1982).

1
µeff

= 1
µ0

+ a1E1
eff + a2E2

eff + · · · (11)

last 2 decades. This is due to the remarkable property of
thermally grown silicon dioxide which allows a very good in-
terface to be realized on silicon substrate. The high quality of
SiO2 leads to the excellent performance of Si MOSFETs in
terms of gate dielectric isolation and channel-to-gate leakage
current. Gallium arsenide does not benefit from such a nice
gate dielectric, but newly developed deposition techniques
such as molecular beam epitaxy (MBE) have been used to fab-
ricate HFETs. The possibility of bandgap engineering based
on AlGaAs alloy has enabled the carrier confinement in a
nearly two-dimensional layer at the heterostructure interface.
These HFETs have demonstrated much better transport
properties as compared to bulk GaAs Metal Semiconductor
Field-Effect Transistors (MESFETs).

Mobility in Si MOSFETs

The mobility in silicon inversion layers of MOSFETs has been
the subject of much research during the last decades (30–36).
The inversion layer carriers are localized within a few nano-
meters from the Si–SiO2 interface and thus are subject to an
additional scattering process related to the interface
roughness. This gives rise to peculiar mobility behavior as
compared to bulk silicon. The confined character of the inver-
sion layer also leads to the energy quantification in the direc-
tion perpendicular to the interface forming two-dimensional
(2-D) energy subbands (30). An important parameter for such
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2-D systems is the effective electric field within the inversion
layer defined as (30) Figure 7. Experimental variations of inversion layer mobility with

effective electric field, Eeff, for room temperature in silicon MOSFETs
for various substrate doping concentrations (After Sun and Plummer,
IEEE Trans. Electron Devices, ED-27: 1497, 1998).

Eeff = ηQi + Qd

ε
(10)
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tions of the effective mobility with the surface roughness in Si MOS-
FETs (After Rais et al., Phys. Status Solidi A, 146: 853, 1994).

where �0 is the zero field mobility, and a1,2 are constant pa-
rameters. The zero field mobility is close to that of bulk silicon
for the given doping density (see Fig. 1).

The correlation between the surface roughness and the
MOSFET mobility has been studied experimentally based on
Scanning Tunneling Microscopy (STM) or Atomic Force Mi-
croscopy (AFM) measurements (42,43). Figure 8 shows that
the mobility dependence with mean roughness can be well
interpreted by a model in which the local mobility is gradu-
ally reduced to zero as the carriers are placed closer to the
interface (41).

The temperature dependence of the transport in MOSFET
inversion layers can be evaluated as in bulk material using
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the Kubo–Greenwood formulation of Eq. (2). Figure 9 gives
typical behavior of MOSFET mobility with inversion charge Figure 10. Temperature dependence of hole and electron mobility in
as obtained for various temperatures. The modeling of these GaAs HFETs and bulk GaAs for various structures (After Stormer et

al., Appl. Phys. Lett., 44: 139, 1984).variations has been achieved by considering a bell-shaped en-
ergy mobility function �(E) which embodies the Coulomb and
surface roughness scattering (35). At very low temperature
where the inversion layer is degenerate, the mobility reduces

fies the bell-shaped curve for the mobility with Qi (35). Thisto �(Ef). Since in 2-D systems the density of states is con-
bell-shaped behavior of the mobility with inversion chargestant, Ef is proportional to the inversion charge, which justi-
has been successfully used to develop mobility models valid
from 4 K up to 300 K, allowing the modeling of the MOSFET
transfer characteristics over a wide temperature range (45).

Mobility in GaAs HFETs

The transport properties of GaAs HFETs are partly controlled
by the same mechanisms that limit the carrier mobility in
silicon inversion layers (30). The main difference resides in
the polar nature of most heterostructure materials which en-
hances phonon scattering. The remarkable transport proper-
ties of GaAs HFETs arise essentially from the huge reduction
of Coulomb scattering owing to the separation of the AlGaAs
carrier supply layer from the 2-D channel (46–48). This is
made possible by the modulation doping of AlGaAs layer
while keeping the GaAs channel film undoped. This way the
carriers in the channel at the AlGaAs/GaAs interface can
move in a region almost free of charged impurities. Further
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Qi (cm–2) improvement to the mobility can be obtained after introduc-
ing an undoped spacer region in the AlGaAs film close to theFigure 9. Experimental (symbols) and theoretical (solid lines) varia-
channel. As a result the scattering by remote ionized impuri-tions of inversion layer electron mobility with inversion charge den-
ties can be significantly reduced for 10 nm to 20 nm thicksity, Qi, for various temperatures as obtained in silicon MOSFETs

(44). spacer layers (46,47).
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The temperature dependence of the mobility in GaAs
HFETs resembles that for bulk material. Typical variations
of the mobility with temperature are shown in Fig. 10 for elec-
trons and holes in various modulation doped (MD) GaAs
HFETs (49). Note that the electron mobility exceeds several
millions at very low temperatures due to the extinction of
phonon scattering and the quasi suppression of Coulomb scat-
tering as compared to that of lightly doped bulk GaAs. The
T�2 dependence of the mobility both for electrons and holes
above 77 K is well explained by polar phonon scattering, as
in bulk GaAs.

The variation of mobility with the 2-D carrier concentra-
tion in GaAs HFETs shows similar trends as that of silicon
inversion layers (30,47,48,50,51). At room temperature the
mobility is rather constant or slightly decreasing with carrier
concentration (48). At very low temperature, as in inversion
layer the mobility does increase with 2-D carrier density as
illustrated in Fig. 11. This feature can be understood as in
Fig. 9 by ionized impurity scattering in degenerate 2-D sub-
bands (50).

The influence of undoped AlGaAs spacer on the Hall mobil-
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ity in HFETs is illustrated in Fig. 12 (52). The reduction of
impurity scattering at low temperature can be well interpre- Figure 12. Influence of undoped spacer thickness d on the tempera-
ted by the theory of remote Coulomb scattering (53,54). This ture dependence of the Hall mobility in GaAs HFETs (After Stormer

et al., Appl. Phys. Lett., 38: 691, 1981).feature clearly demonstrates the impact of the material depo-
sition technique on device performance.

Conventional GaAs HFETs have successfully been re-
placed by pseudomorphic AlGaAs/GaInAs MD structures

current drive capability and in turn to larger operating fre-where the band discontinuity at the channel interface has
quencies.been increased allowing better carrier confinement at high

gate voltages with good mobilities (48). This leads to higher
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