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Field-Dependent Electron Mobility in Silicon
Between 8 and 77 K—A Semi-empirical
Model
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Abstract—The development of a semi-empirical model that predicts
the electron mobility in silicon as a function of the electric field in the
(100) direction, the doping density, and the temperature for the tem-
perature range 8 to 77 K is discussed. The approach integrates the
empirical formulas relating drift velocity and mobility to electric field,
developed by Caughey and Thomas, the experimental data obtained by
Canali ef al., for hyperpure silicon at low temperatures, the theory of
scattering rate scaling proposed by Thornber, and the simulation of
electron transport via the Monte Carlo method. Figures showing the
resulting electron drift velocity under various conditions of doping and
temperature are included.

I. INTRODUCTION

HE numerical modeling of infrared (IR) detectors is,

in principle, no different than that of other semicon-
ductor devices such as solar cells, bipolar transistors,
MOSFET’s, diodes, etc. All of these devices can be char-
acterized by a set of physical parameters such as mobility
and lifetime, as well as technological parameters includ-
ing geometry, impurity profile, and so on [1]. One aspect
that distinguishes the modeling of IR detectors from that
of other semiconductor devices, however, is the range of
temperatures for which the model is expected to be ac-
curate. While, for the most part, the modeling of BIT’s,
MOSFET’s, diodes, etc., is geared toward reproducing
and predicting device behavior near room temperature,
i.e., 300 K, that of IR detectors is geared toward repro-
ducing and predicting phenomena at much lower temper-
atures.

The numerical modeling of extrinsic photoconductor
detectors, for instance, requires that models for the elec-
tron mobility be known at temperatures near that of liquid
helium, i.e., close to 4.2 K. Empirical expressions that
fit the variation of the electron mobility as a function of
electric field, temperature, and doping density have been
deduced from an analysis of published experimental data
{21, [3]. Most of these data, however, have been obtained
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at temperatures much higher than the present range of in-
terest. As a result, the empirical fits that are a conse-
quence of the said experimental data are lacking in our
present situation. The problem at hand then is that of gen-
erating the desired data at low temperature via theoretical
calculations.

This paper presents a procedure to be followed in esti-
mating the electron mobility in silicon at low tempera-
tures, including its electric field and doping density de-
pendences. In Section II the approach followed in
obtaining the characteristics is described, and in Section
III the results are presented.

II. MoODELING ELECTRON MoBILITY AT Low
TEMPERATURES IN SILICON

A. Electric Field Dependence

The point of departure consists of the drift velocity ver-
sus electric field characteristics for hyperpure silicon in
the (100) direction as experimentally determined by
Canali et al. [4] for a range of temperatures and is shown
in Fig. 1. For electric fields below 100 V /cm, the char-
acteristics show negative differential mobility (NDM) ef-
fects. These effects are said to be due to a change in the
repopulation of the valleys at the minimum of the con-
duction band, from that pertaining to a field applied along
(111) to that pertaining to a field applied along (100},
as the field increases [4]. Since the NDM effects occur at
such low electric fields and for so short a range of fields,
it is expected that its neglect will have insignificant con-
sequences when devices that operate at fields above 100
V /cm are considered. Accordingly, this work will not try
to predict the NDM features but will focus on predicting
the electric field dependence for fields above 100 V /cm.
The field variation of these curves for electric fields
greater than 100 V /cm is approximated in an excellent
fashion by the empirical expression proposed by Caughey
and Thomas [2], namely
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Fig. 1. Experimental electron drift velocity as a function of electric field
applied parallel to a (100) direction at various temperatures. After Can-
ali et al. [4].

where pg and v, are interpreted as the apparent low-field
mobility and saturation velocity, respectively, and E is
the electric field. The cord mobility (ratio of velocity to
field strength) is given by
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This model is further generalized to include temperature
and doping dependences.

(2)

1

B. Temperature and Doping Dependence

In order to model the temperature dependence, a fit of
(1) was made to each of the pertinent curves in Fig. 1.
From these fits the variations in the parameters po, v, and
8 with temperature were found to be approximated, to
within a maximum error of 14 percent, as follows:

po(T) = 2.69 x 10° - T%% (em’/V - s)  (3)
v,(T) = 9.83 x 10° - T"'® (cm/s) (4)
B(T) = 1.23 - T, (5)

The lack of doping-dependent drift velocity versus
electric field data at low temperatures has prompted their
theoretical determination.

The approach used to obtain the doping dependence is
based on the theory of scattering rate scaling proposed by
Thomber [5], [6]. According to this theory, if, in the ab-
sence of a magnetic field, the carrier distribution function
changes as a result of a uniform scaling in the magnitude
and momentum of the scattering rates, the respective drift
velocity versus electric field relations before scaling
(v(E)) and after scaling (vp ,(E)) are related as fol-
lows:

vr(E) =7 - v(E/AT) (6)

where T' and v are the magnitude and momentum scaling
factors of the scattering rates, respectively. In terms of
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the drift velocity model adopted here, this result takes the
form

E/T
vl‘.v(E) = I"\O /

)T
Ko AT

where pg, v, and 8 are the parameters that fit the drift
velocity versus electric field characteristic at the temper-
ature of interest. Knowing the drift velocity versus elec-
tric field characteristics for the temperature of interest then
allows for the relation corresponding to any other dop-
ing(s) to be immediately determined, once T and v are
known for that temperature.

In order to obtain T' and v, (7) has been fitted to the
high-field drift velocity versus electric field characteris-
tics for a number of doping densities and temperatures of
interest. These characteristics have been obtained via
Monte Carlo simulations of the transport of electrons in
the ¢(100) direction, including nonparabolicity, using the
methodology given in [7]. The scattering mechanisms that
are most effective at the temperatures of interest have been
identified by Pearson and Bardeen [8] to be neutral and
ionized impurity scattering, and lattice scattering. The
model used to represent the ionized impurity scattering
mechanism was that of Conwell and Weisskopf [9]. Fol-
lowing Canali ez al. [4], [7], neutral impurity scattering
was not included. Two lattice scattering mechanisms were
included, namely, intravalley inelastic acoustic phonon
scattering and equivalent intervalley phonon scattering.
The models used for these were those of Conwell [10] and
Fawcett et al. [11], respectively. Selection rules forbid
intravalley optical-phonon interactions for electrons along
the <100) directions [7], and hence, this scattering mech-
anism was not included. Even though selection rules also
““forbid’’ the low-energy intervalley phonons, their pre-
vious use has resulted in an improved agreement with ex-
periments [4]. Therefore, they were included in the three
f and the three g equivalent intervalley scatterings. All
these scattering mechanisms are discussed in detail in [7].

Since, as seen from (7), the drift velocity is highly sen-
sitive to errors in the scaling factors, it was deemed pref-
erable to use a table look-up scheme in incorporating their
values into (7). The actual values obtained for I' and T
are given in Table 1.

(7)

III. REsSuULTS

To evaluate our approach we have attempted to repro-
duce the experimental results of Fig. 1 for temperatures
between 8 and 77 K and fields above 100 V /cm. The
results are shown in Fig. 2. As can be seen, our predicted
characteristics agree reasonably well with the experimen-
tal ones. The discrepancy is mainly due to the fact that at
the lowest energies the rates of the main scattering mech-
anisms, ionized impurity and equivalent intervalley
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TABLE 1
SCATTERING RATE SCALING FACTORS
T = 8K
Nd(em™) | 8-10™ | 10" | 5.10™ | 10" | 5-10'° | 7-10™ 10 5-10'¢ 10" 5-10'7 10%
r 214 | 346 | 5.58 | 7.38 | 24.00 32.02 35.75 70.64 116.07 350.78 481.44
AT 187 | 354 | 640 | 9.56 | 133.00 | 1.23-10° | 1.12°107 | 2.47-10° | 4.6410° | 8.12-10% | 1.34-10°
T = 10K
Nd(em™) | 3-10%% | 10" | 5-10™ | 10" | 5-10'° | 7-10%® 10'° 5-10'° 107 5:10"7 10%#
I 163 | 276 | 503 | 6.76 | 23.26 34.14 37.00 77.23 121.37 314.62 458.22
AT 133 | 255 | 563 | 808 | 1235 | 3.31-10° | 8.33-10° | 1.20-107 | 4.53-10° | 6.69-10° | 1.77-10"
T = 12K
Nd(cm™) | 310" | 10" | 5-10™ | 10'* | 5-10" | 7-10"° 10 5:10' 10" 510" 10"
r 191 | 177 | 476 | 554 | 2450 33.67 38.12 79.55 121.40 327.31 460.20
AT 1.84 1.45 | 5.17 | 6.20 | 164.03 | 2.39-10% | 3.5:107 | 1.69-107 | 4.03-10° | 4.19-10" | 6.21-10"
T = 15K
Nd(em™) | 3-10" | 10" | s5-10™ | 10" | 5-10" | 7-10" 10'° 5-10' 107 5-10" 10
1 139 | 178 | 424 | 568 | 2384 | 30.95 37.39 78.17 | 118.02 323.10 471.30
L 1.11 147 | 448 | 6.68 | 157.00 | 929.97 | 6.40-10" 107 1.25-10° | 1.32:10° | 4.31-107
T = 17K
Nd(em™) | 3-10" | 10 | 510 | 10 | 5-10' | 7-10% 10'° 5410'° 1047 501017 10
r 1.65 | 1.89 | 3.80 | 5.90 | 24.27 34.00 38.10 75.77 117.64 326.85 464.11
B 135 | 1.57 | 3.87 | 7.23 | 211.38 | 6.74-10% | 4.23-10° | 2.64:10° | 1.63-107 | 5.58-10° | 1.08:107
T = 20K
Nd(cm™ | 3-10™ | 10" | s-10™ | 10" | 5-10" | 7-10*® 10" 5:10'° 10" 5-107 10'®
r 119 | 1.86 | 3.80 | 5.63 | 22.82 33.43 37.84 76.10 124.00 317.80 471.00
~T 093 | 1.58 | 3.94 | 881 | 15593 | 1.34-10° | 1.36+107 | 2.60-107 | 1.88-10° | 3.33-107 | 1.03-10°
T = 45K
Nd(em™) | 3-10" | 10" | s5-10% | 10" } 5-10® | 7-10'® 10'° 5-10'° 107 510" 108
r 072 | 065 | 1.80 | 2.62 | 1110 34.11 36.81 76.34 114.94 295.26 412.00
~T 0.45 | 0.46 1.66 | 2.70 | 149.25 | 3.60-10° | 6.33-107 | 5.74-107 | 7.27-10° | 1.18-107 | 3.19-10°
T = 77K
Nd(em™9) | 3-10' | 10" | 5-10™ | 10" | 510" | 7-10*° 10" 510" 1047 5.10'7 10'®
r 073 | 078 | 223 | 377 | 1964 | 24.50 37.35 73.90 110.87 288.76 393.00
AT 0.58 | 0.63 | 2.59 | 565 | 284.62 | 893.43 | 3.20-107 | 1.13-10° | 1.08-10° | 3.75:10° | 1.14-107

phonon, are comparable. As the energy of the carriers in-
creases, i.e., at higher temperatures and electric fields,
equivalent intervalley phonon scattering predominates,
and the conditions under which our model is valid,
namely, when a single scattering mechanism dominates
the scattering rate, are more closely approached. This
leads to a better agreement of our predicted characteristics
with the experimental ones. For samples of practical dop-
ing densities, we would expect our predicted results to
closely agree with experiment. Additional results of this
approach are shown in Figs. 3 and 4. Fig. 3 displays the
electron drift velocity at a temperature of 10 K with var-

ious doping concentrations as a parameter. Fig. 4 shows
the electron drift velocity as a function of electric field at
a doping concentration of 10'°> cm ™~ with various temper-
atures as a parameter.
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Fig. 2. Electron drift velocity as function of electric field at the indicated
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