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and sinw! e® fm1(¢) can be expressed in the form

sinwt e¥t fri(f)=— 3
i m=0 9

1 2 2m—nu/y
( )ei(2m—n)wteﬂbt. (A7)
m

By comparison of terms po'® and p;‘® which have
the same time dependence, one observes that if condi-
tion (A1) is satisfied, p1® can be neglected and so can
all the terms p; for which 7>0. ¢z can therefore be
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approximated by a single Houston wave function;

eA i [t eA
27 sDL(Ko— ;)em"R eXpl:—; / GL(K()— ;)dr] .
(A8)

One may also expand ¢r(Ko—eA/%) and the exponen-
tial function in powers of 4. Using similar arguments it
can be shown that under condition (A1) o(K—eA/%)
can be considered independent of time.
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Measurements of the effective mobility, field effect mobility, Hall mobility, and carrier density of Siasa
function of field perpendicular to the surface are reported. At all temperatures from 4.2 to 300°K, at least
one maximum in the mobility was observed. The temperature dependence is reported for different fields.
At room temperature, a single maximum in the mobility was observed close to the threshold for inversion.
As the temperature was lowered, this peak increased. At temperatures near 80°K, it then decreased. Another
maximum appeared at about 100°K at higher fields; it increased as the temperature was lowered. An
anomalous shift in the conductance threshold between 77.3 and 4.2°K is reported and is correlated with the
charge in the oxide. Effects of substrate bias are reported. Some comments are made on possible scattering
mechanisms. The effect of interface states was measured and their density near the conduction band is

reported.

INTRODUCTION

OR many years, studies have been made of the
transport properties of carriers in the surface of
semiconductors.! In general, these measurements were
made by varying the electric field normal to the surface
of a semiconductor so that a change of the space charge
near the surface occurred and with it a change in the
conductivity. Before 1962 these measurements were
usually limited to small ranges of field and the surfaces
were either accumulated (induction of majority carriers
at the surface), depleted (induction of space charge by
removal of majority carriers near the surface leaving
charged ions), or slightly inverted (depletion with the
additional induction of minority carriers at the surface).
Usually measurements were limited to the conductance
as a function of normal field or to the field effect mo-
bility—the differential change of surface conductance
with respect to total induced charge. Some Hall-effect
and magnetoconductance measurements were also
made.>* In most cases, the surface fields were con-

1For a general review of this subject, see A. Many, Y. Gold-
stein, and N. B. Grover, Semiconductor Surfaces (North-Holland
Publishing Co., Amsterdam, 1965), p. 64.

2 J. N. Zemel and R. L. Petritz, Phys. Rev. 110, 1263 (1958).

3 R. E. Coovert, J. Phys. Chem. Solids 21, 87 (1961).

4P. Handler and S. Eisenhour, in Solid Surfaces, edited by
H. Gatos (North-Holland Publishing Co., Amsterdam, 1964).

trolled by means of the absorption of ambient va-
pors.56 In general, the induced charge did not exceed
3X101/cm2,

The transport properties of electrons in the potential
wells at the surface were studied intensively for several
years following Schrieffer’s’ initial work in which he
solved Boltzmann’s equation in a surface well with the
assumption that the scattering at the surface was
diffuse. The results of such calculations were that the
mobility was expected to decrease as the surface field
increased. For a linear potential well and constant bulk
scattering time, Schrieffer had shown that p/us
~(kTm)'2/(qrgF,) for 1g>>71g, where k is the Boltz-
mann constant, T the temperature, m the effective
mass, 75 and 7 the bulk and surface scattering times,
respectively, and F, the field just inside the surface.
Most of the observed reduction of the carrier mobilities
has been attributed to this type of scattering. Better
approximations, using wells more exactly approximating
ones resulting from a classical solution of the Boltzmann-
Poisson equations and taking account of energy-
dependent scattering times and specular and diffuse

8 W. H. Brattain and J. Bardeen, Bell System Tech. J. 32, 1
(1953).

6 R. H. Kingston, J. Appl. Phys. 27, 101 (1956).

7J. R. Schrieffer, Phys. Rev. 97, 641 (1955).
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Fi6. 1. An idealized cross section of a field effect device. The
metal “gate’” electrode is in all cases, reported in this paper,
aluminum. The two #* regions, which serve as contacts to the
channel that is induced in the silicon at the SiO,-Si interface, are
known as the source and drain. The operation of these contacts L
is of the order of 10 u. The oxide thickness 6 is 1000-6000 A. The
diffused contacts are W wide perpendicular to the drawing.

scattering, resulted in somewhat modified dependence
of pon F,.%

With the advent of the silicon planar technology? in
the early 1960’s it became possible to make structures
in which a charge of more than 10%/cm? could be in-
duced so that extreme inversion was possible.’’ A typical
structure on which measurements could be made is
shown in Fig. 1. Typically, thermally grown silicon
oxide can sustain a field of 107 V/cm. When such high
fields are available, it becomes possible to extend studies
of transport properties over a much larger range.
Furthermore, the oxide can be made so that polarization
effects are negligible, can be made extremely uniform
in properties, and can be made with low interface state
density at least near the band edges. These factors re-
duce the ambiguity of the experimental results.

The extreme inversion range allows observation of
quantum effects in the surface. Schrieffer'* has discussed

] DEPLETION CONDUCTION
LAYER BAND

INVERSION
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ENERGY

ACCEPTOR
LEVELS
~

DISTANCE FROM THE
INTERFACE
E F1c. 2. The bands at the inverted surface of a semiconductor.
The holes have been removed from the depleted region so that
the space charge consists of negatively charged acceptors. Most
of the voltage drop occurs across this region.

8 See, for example, R. F. Greene, J. Phys. Chem. Solids 14, 143
(1960) (review); F. S. Ham and D. C. Mattis, IBM J. Res.
Develop. 4, 143 (1960) ; R. F. Greene, in Surface Science, edited by
H. Gatos (North-Holland Publishing Co., Amsterdam, 1964),
p. 101; R. F. Greene, D. R. Frankl, and J. Zemel, Phys. Rev.
118, 967 (1960).

9 See, for example, R. L. Petritz, Proc. IRE 50, 1025 (1962);
J. C. Haenichen, in Integrated Circuits, edited by R. M. Warner
(McGraw-Hill Book Co., New York, 1965), Chap. 12.

(1;06% R. Hofstein and F. P. Heiman, Proc. IEEE 51, 1190

1], R, Schrieffer, in Semiconductor Surface Physics, edited by
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in 1956 the possibility that electronic states in the sur-
face well (Fig. 2) would be quantized in the direction
perpendicular to the surface but believed that the effects
would be smeared out by inhomogeneity and thermal
effects. Recent measurements!?® of oscillatory magneto-
conductance have demonstrated that, in fact, the
electrons are quantized in these surfaces perpendicular
to the surface. These experiments revealed conductance
oscillations as the Fermi level passes through successive
Landau levels when the carrier density is increased by
increasing the electric field. The spacing indicates that
the density of states is constant, which corresponds to a
case where the electron gas is two-dimensional. Measure-
ments in the (100) surface indicated that the bands are
twofold degenerate and have a mass parallel to the
surface of about 0.2m,. This had been predicted! on the
basis that the four bands corresponding to minima with
light mass perpendicular to the surface would be raised
to higher energy than the two bands with heavy mass
perpendicular. In general, most aspects of a self-
consistent application of the effective-mass theory in
the surface well have been observed in these experi-
ments. One germane result of these measurements is
that oscillations could be observed for Landau split-
tings corresponding to a change of carrier density less
than 5X10%/cm?, which sets an upper limit on the
inhomogeneity.

At all of the fields corresponding to surface inversion,
the conduction band is strongly quantized in the surface
well. Self-consistent solutions of the Poisson equation
and Schrédinger’s equation'® show that the splittings
are from 10 to 100 meV between the minima of the
lowest two-dimensional sub-band and the first excited
sub-bands, where the splitting depends on substrate
doping, surface field, surface orientation, and even
temperature. For instance, for a (100) surface on a
12.5-Q@ cm p-type substrate, both the fourfold de-
generate ground sub-band and the first excited twofold
degenerate sub-band are, respectively, approximately
22, 27, and 54 meV above the minima for the twofold
degenerate ground sub-band for 10, 102, and 108
electrons/cm? induced in the surface. The upper bands
are occupied at high fields (for more than about 5X 10
electrons/cm?) even at 0°K because the Fermi energy is
larger than the splitting. At high temperatures, there
should be a substantial population of electrons in higher
sub-bands so that on this surface at 300°K (where T
is 25 meV) enough levels may be occupied so that the
effects of quantization may be smeared out. For a (111)
surface, where the splittings are about twice those for
R. H. Kingston (University of Pennsylvania Press, Philadelphia,
Pa., 1957), p. 55.

2 A. B. Fowler, F. F. Fang, W. E. Howard, and P. J. Stiles,
Phys. Rev. Letters 16, 901 (1966).

3 A. B. Fowler, F. F. Fang, W. E. Howard, and P. J. Stiles,
J. Phys. Soc. Japan Suppl. 21, 331 (1966).

(1;462‘5 F. Fang and W. E. Howard, Phys. Rev. Letters 16, 797

15 F, Stern and W. E. Howard, Phys. Rev. 163, 816 (1967); and
private communication with W. E. Howard and F. Stern.
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the (100) surface, most of the electrons will be in the
ground state even at 300°K. At 4.2°K, it is not possible
to populate the higher sub-bands even at the highest
fields available because of the greater splittings and
higher density of states.

In this paper, the results of a variety of measurements
on the transport properties of electrons in inverted
silicon surfaces are discussed. The results should prop-
erly be interpreted in terms of a quantum model but as
yet only some of the possible scattering mechanisms
have been studied theoretically.’® As will be obvious
from the complexity of the results, much more study
will be required to understand these results.

MEASUREMENTS

Measurements of conductance and transconductance
or field effect mobility were made over a large range of
temperature and electric field. In addition, Hall mea-
surements were made over a more restricted range.

The surface conductances were measured using circu-
lar coaxial field effect transistors. These samples have
the advantage that the conducting channels are closed
so that there are no end effects but the disadvantage
that they cannot be used to observe anisotropy such
as might be expected on, for instance, {110} surfaces.'
Both ac and dc techniques were used and the results
were consistent, but the ac method was generally used
because of its simplicity. A small voltage signal (about
50 xV) was maintained between the diffused contacts
(the source and drain). The voltage on the field plate
(the gate) was varied slowly to ensure equilibrium in the
semiconductor surface. The currents were measured
through a small resistor or a low-impedance transformer
(0.3 Q) in the dc and ac cases, respectively. The source-
drain voltages were kept small to avoid hot-electron
effects and nonuniformity of the surface field across the
sample. For the ac case, a lock-in amplifier was used as
a detector.

The field effect mobility, which is defined as prg
=do,/dQs, where g, is the surface conductivity and Q,
is the total charge per unit area induced in the surface,
is related to the transconductance G,, by

L 478 Gy,
MFE=———, 1)
w Kox I/D

where W and L are the width and length of the channel
path, & is the thickness, kox is the insulator dielectric
constant, and Vp is the source-drain voltage (cgs units
are used throughout). The transconductance dI/
dV,| v, was measured by applying a small (50 uV to
100 mV) constant voltage Vp between the source and
drain contacts and by superimposing a small ac signal
on the gate or field plate voltage V,. The signal current

16 Such effects have been reported by Colman and Mize on p
surfaces at the IEEE Solid State Device Research Conference,
Santa Barbara, 1967 (unpublished).
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F16. 3. (a) Circuit for measuring conductance and (b) circuit

for measuring transconductance. A low-impedance (Freed 0.3 Q)

transformer is used for transconductance measurements. The re-
sistance of the drain supply is 0.5 Q.

was detected using a low-impedance transformer, as
shown in Fig. 3. In general, the measurements were
made at 500 Hz. No dependence on frequency was
observed from 30 Hz to 150 kHz, however.

Hall measurements were made on samples of a van
der Pauw geometry,” which have been described else-
where.!® The most important requirement for reliable
Hall measurements on an inverted surface is that the
surface not under the gate or field electrode should be
nonconducting and that the leakage currents be small.
This requirement can generally be met on #-channel
structures if a proper annealing treatment either in air,
nitrogen, or hydrogen!®# is used.

When the gate is so biased as to remove almost all
of the free electrons from the surface, leakage currents
(both on the surface outside the electrode and through
the #*-p junctions into the p-substrate region) can be-
come comparable to the channel current. This problem
becomes increasingly serious as the temperature in-
creases because of the rapid increase of diode current
with temperature. At 22°C, the leakage conductance
below threshold in a good sample is less than 0.1 of that
for a surface carrier density of about 101/cm? Data are
not reported for conductances between Hall probes less
than 10 times the leakage conductance. Since samples
showed a slight asymmetry, this was corrected using the
van der Pauw correction formula'? but if the asymmetry
was large or occurred in the threshold, the data were
not used. This was usually a problem only at low surface
charge densities where inhomogeneity might be expected
to be more serious.

17 L. J. van der Pauw, Philips Res. Rept. 13, 1 (1958).

18 A. B. Fowler, F. F. Fang, and F. Hochberg, IBM J. Res.
Develop. 8, 427 (1964).

¥ G, Cheroff, F. Fang, and F. Hochberg, IBM J. Res. Develop.
8, 416 (1964).

2 E. Kooi, Phillips Res. Rept. 20, 578 (1965); E. Kooi, IEEE
Trans. Electron Devices 13, 238 (1966) ; P. Balk, paper presented
at the San Francisco meeting of the Electrochemical Society,
Abstract No. 109, 1965 (unpublished).
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The Hall measurements were made using an 180-V
battery limited by resistances of from 10" to 10° Q.
The voltages, measured with an electrometer, ranged
from 10 mV to 100 mV. The usual eight measurements,
with reversed currents and magnetic fields, were made
for each value of carrier density and mobility at a given
electric field.

In the best cases, samples with surface conductances
as low as 3X10~% mho for a square could be measured.

The effective mobility can be inferred from the con-
ductance Ggp,

L 476 Gsp

Heff="———" , 2)
Wkex V'

where V,’ is the gate voltage above threshold for con-
duction. When Hall measurements on similarly pre-
pared samples indicated that fast interface states were
insignificant, the effective mobility was assumed to be
equal to the conductivity mobility. At high tempera-
tures, the threshold voltage is not well defined because
the transition from depletion to inversion is not sharply
defined. At temperatures below 80°K, Hall data were
necessary to define the threshold as explained in the
section on low-temperature results.
The field effect mobility is given, in general, by

b 2 cl +fd”)+f 3)
MFE=—"——"=U— [ — “

e Nap ' ar)

where f is the fraction of the induced charge that is
free, F is the field across the oxide, and F, is the field at
threshold. In cases of most interest, f=1 (no trapping
and insignificant incremental charge in the depletion
region) so that

urE=pu+ (F—Ft)dﬂ/dF . (4)

In general, since the mobility can vary strongly with
field, the field effect mobility only approximates the
conductivity mobility in field dependence. However, it
is useful to measure because it is simpler to compare
and because it brings out the sharp structure more
easily than conductance.

EFFECTS OF FAST INTERFACE STATES

Hall data have been published elsewhere®8 for {111}
surfaces that demonstrate that in properly annealed
samples the incremental number of free electrons in-
duced, dn/dF, is equal to the total incremental number
of electrons induced (dN/dF); that is,

dn/dF =tkox/4mq=C0d/q. (5)

In most cases, this agreement is within 5%, and dn/dF
is constant over the measurement range, except at the
lowest field at higher temperatures where the depletion
region contributes to the charge.
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The Hall effect can measure the surface-free carrier
density » approximately. However, the density mea-
sured is equal to the true density divided by the Hall
ratio 7. The Hall ratio is of the Hall mobility uy to the
conductivity mobility x and is in the terminology of
Brooks® (7?)/(r)* where 7 is the scattering time.
Anisotropy factors may also play a role on {110} and
{111} surfaces. The Hall ratio depends on the scattering
mechanisms and has been calculated and measured for
some bulk processes. The only estimate for surface
scattering is for a classical case calculated by Zemel,?
who finds that =0.87. No estimates have been made
for the quantized surface condition which applies over
most of the temperature range studied. However, the
Hall ratio seldom is more than 209, different from unity.
In this work it has been assumed to be constant unless
variations appeared in dn/dF which were correlated
with strong mobility variations and which occurred in
only a limited temperature range. These considerations
result in a circular argument when the trapping effects
are studied and some reservations should be made in
accepting them. However, the error is probably less
than 109%,. In other words, it is assumed that when the
observed dnr/dF is constant and equal to Co8/q that 7 is
constant and there is no trapping; when dn/dF is not
constant in some other temperature range, the assump-
tion is made, with reservations, that 7 is not constant.
If dn/dF is not constant and is less than Cy/g, the effect
is assumed to be the result of trapping, again with
reservations.

A deviation from the rule that dz/dF is nearly con-
stant occurs near nitrogen temperature. There the
mobility goes through two maxima as discussed below.
As may be seen in Fig. 4, dn/dV increases in the range
of gate voltages observed when two maxima occurred
in the mobility, but not otherwise. The field effect
mobility, effective mobility, and the Hall mobility are
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Fie. 4. Variation of Hall mobility, effective mobility, field effect
mobility, and dn/dV in a 2-Q cm sample at 77°K.

L H. Brooks, Advan. Electron. Electron Phys, 7 (1955).
2 J.'N. Zemel, Phys. Rev. 112, 762 (1958).
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F16. 5. Effect of annealing. This
sample was made with an oxide
5400 A thick and an aluminum
gate. The carrier density is shown
as a function of gate voltage for
the sample as received and after
215- and 460-min anneal at 350°C
in air.
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also shown. This result could be interpreted as a varia-
tion in 7 as the scattering mechanism changes or possibly
in terms of a two-band conduction model.

Many authors have reported evidence of fast states
on oxidized silicon surfaces. Gray and Brown2? have
reported high densities of states near the valence band
on p-type samples and near the conduction band on
n-type. Workers, beginning with Terman,?*25 have mea-
sured interface states near the center of the forbidden
gap using capacitance measurements. Interface states
near the conduction band edge in p-type silicon are not
observable by Gray’s technique and are difficult to
observe with capacitance measurements. They can be
observed with Hall measurements.

There have been many studies of annealing,? and
the comments above, regarding the absence of inter-
face states, apply to properly annealed surfaces. An-
nealing at 350°C for an hour, or 500°C for 5 min in air,
affects only the interface state density under the
aluminum. One can measure the interface state density
and its change with annealing by making Hall measure-
ments. The free carrier density # and therefore dn/dF
can be measured as a function of the field F. The total
charge N induced is known [N= (k.x/4mq)F]. The
charge going into fast states dw,/dF is given by
(kox/4wq—dn/dF). Then, dn,/dn= (dn:/dF)/(dn/dF)
can be calculated as a function of # and, therefore, the
surface potential ¢;, since ¢, is a known function of #.
Finally, dn;/d¢, can be determined as a function of ¢s.
The potential essentially measures the position of the
Fermi level relative to the band edges at the surface

1;361;. V. Gray and D. M. Brown, Appl. Phys. Letters 8, 31
o L)M Terman, Solid-State Electron. 5, 285 (1962).
% E. H. Nicollian and A. Goetzberger, Bell System Tech. J.

46, 1055 (1966); F. P. Heiman and G. Warfield, IEEE Trans.
Electron. Devices 12, 167 (1965).
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so that the number of electrons entering interface state
can be determined as a function of the position of the
Fermi level.

Results of measurements of this type are shown in
Fig. 5. The resulting calculated trap densities are
shown in Fig. 6. A fairly flat distribution is observed
before annealing between 0.175 and 0.025 eV below the
conduction band edge (¢7'=0.025 eV) with a density of
about 8 X10/eV cm?. After annealing, the density near
the conduction band edge was reduced by nearly an
order of magnitude for energies 0.05 eV below the
conduction band edge. In other samples, the trap density
was below measurable values. Suitable samples for this
sort of measurement were rare because samples were
seldom homogeneous before annealing. No clear pattern
could be seen in the variation of mobility with the trap
density near the band edge.

The apparent discrepancy between these measure-
ments and Gray’s measurements may have arisen be-
cause the latter were made on n-type silicon to deter-
mine state densities near the conduction band edge and
were made on unannealed wet oxides.
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F16. 6. Density of interface states as derived from the measure-
ments in Fig. 5. The energy is measured from the conduction
band edge.
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Fi1c. 7. Variation of conductance with temperature and electric
field. In this sample, the field just inside the silicon surface is
8.7X104(V — V). Other measurements were made at 6.9, 7.5, 9.1,
11.8, 13.6, 15.8, 17.3, 21.9, 30, 40, and 59°K.

The conclusion drawn from these measurements is
that for many cases, after proper oxidation and anneal-
ing, the effective mobility is equal to the surface con-
ductivity mobility. The only range where this comment
does not apply is near threshold, where a significant part
of the incremental charge is induced in the depletion
region.

VARIATION OF MOBILITY

A typical result for the measurement of the surface
conductance as a function of field is shown for a (100)
surface in Fig. 7 for various temperatures. The {110}
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F1 V/em

F1c. 8. Effective mobility as a function of electric
field inside the silicon surface.
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and {111} surface conductances varied in a similar
way. The results of these measurements may be used
to determine the dependence of the mobility on the
normal electric field in the silicon, F,, where F, is

given by
Kox Vo' (8mgN V \ /2
SN L

A

Ksi 0 Ksi
where kg; is the silicon dielectric constant, V,’ is the
gate voltage above threshold, V, the acceptor density,
and V, is the electrostatic potential of the surface
with respect to the bulk of the silicon. A general
feature of the low-temperature variation from these
data, as evidenced in Fig. &, is an initial increase in the
mobility, followed by a rapid decrease at higher fields
which occurs at all temperatures. As pointed out, the
uncertainty in assigning the threshold voltage limits
the accuracy of the mobility determination in the low-
field region.

The increase in mobility at low fields is shown by the
Hall measurements of Figs. 9 and 10. It is present at all
temperatures and had been reported earlier by Murphy.28
Note that the samples measured at 300°K showed little
difference in mobility at high carrier densities despite
the variation in impurity concentration, but at low
fields the impurity concentration was important.

An interesting correlation exists for the high-field
scattering in {111} surfaces near room temperature.
Because the energy difference between the ground state
and the first excited state are larger than for the (100)
surface and because the density of states is higher even
at room temperature the majority of electrons are in the
lowest electric sub-bands. For the data in Fig. 10, the
mobility in cm?/V sec in the high-field range was found
to be equal to 9.3 times the average distance in A of
the electrons from the surface z,,, where z,, was calcu-
lated by Howard and Stern using self-consistent solu-
tions of Schrddinger’s equation in the potential well.
This result obtained for all of the samples which ranged
in resistivity from 95 to 1Q cm. The temperature de-
pendence was 71 near 22°C, which may indicate a
phonon-scattering process.

The Hall mobility and carrier density are shown in
Figs. 11 and 12 at several temperatures for typical
{100} samples at various temperatures as a function of
field. These curves established that the two maxima,
discussed below, are real and not due to fast states.

Figures 13 and 14 show typical results for the tem-
perature dependence of effective mobility on a (100)
surface, At low fields, the effective mobility increased
rapidly with temperature near 4.2°K. At higher fields,
the temperature dependence decreased. This has been
observed for all orientations as in the (110) sample in
Fig. 15. This may suggest that the dominant scattering
at low fields and carrier concentrations is due to im-

26 N. Murphy, in Solid Surfaces, edited by H. Gatos (North-
Holland Publishing Co., Amsterdam, 1964), p. 86.
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occurs somewhat below 108/cm? at 77,3°K,

The upper and lower sets of curyes are displaced in scale,
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F16. 14. Temperature dependence of effective mobility
for a lower resistivity substrate.

purities. The impurity scattering cross section should
decrease with increased field, carrier density, and screen-
ing, and with increasing temperature. At the highest
fields, the temperature dependence should be that of a
degenerate electron gas. Although some dependence of
the mobility on substrate doping at low fields was found
in the range of 7X10* to 8X10* cm™, it is much less
than linear so that the major impurity scattering centers
may be charged interface states or ions in the oxide near
the interface. The mobility does not have a specific
power-law dependence over the entire region and, in
fact, increases as exp(—E/kT) in the lowest field region
discussed in the low-temperature section.

Under many conditions, the finer features of the sur-
face conductivity could be examined by the field effect
mobility measurement. Figures 16 and 17 show a typical
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F16. 15. Temperature dependence of effective mobility for a (110)
sample. The oxide thickness is 1100 A.
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set of field effect mobility measurements on a (100)
surface as a function of the field plate voltage at dif-
ferent temperatures. The structure near threshold is
clearly shown. Between about 7.5 and 90°K, there are
two main peaks in the field effect mobility which in-
crease rapidly near threshold to the first sharp peak,
decrease, and then go through a second broader peak.
The first peak is very sensitive to temperature and sub-
strate doping and is sometimes split. It always increases
with temperature up to a temperature which is higher
for purer substrates. It decreases above that tempera-
ture. The first peak is always more prominent for higher
resistivity substrates, appearing only as a shoulder for
{100} surfaces with the substrate resistivity less than
1Q cm. As the temperature is lowered toward 4.2°K,
the peak disappears. The second peak is not observed
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F16. 16. Field effect mobility as a function of gate voltage for
different temperatures for a high resistivity (100) sample.

until the temperature is lowered to about 90°K. The
height of this peak increased with decreasing tempera-
ture below 90°K. These general features are present on
the {100}, {110}, and {111} surfaces examined as well
as samples of p-channel devices. However, the relative
strength of the peaks and the separation depends on the
orientation. It was difficult to see such structure on
samples made on {111} surfaces of low-resistivity
(p<<10 Q cm) substrates.

The field effect mobility decreases sharply* with
field plate voltage after the second peak. For a (100)
surface at a field of about 10® V/cm in the silicon (de-
pending on the temperature), urg reaches zero and be-
comes negative. That is, the conductance goes through
a maximum, as seen in Fig. 7, or the mobility decreases
faster than the carrier density increases. This effect has
been seen on {110} surfaces at higher fields, and also on
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{100} p-type surfaces. That this effect is not caused by
trapping is also supported by Hall measurements.

In summary, these data demonstrate a single maxi-
mum mobility near room temperature, and an increase
in this maximum as the temperature is lowered followed
by a decrease to extremely low values at 4.2°K. A
second maximum appears at about 90°K which in-
creases as the temperature is lowered. A maximum in
conductance is observed in most surfaces. The maxima
occur at successively higher fields for {100}, {110}, and
{111} surfaces.

EFFECT OF SUBSTRATE BIAS

Because the surface contacts are of opposite con-
ductivity type to the substrate, it is possible to apply a
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F16. 17. Field effect mobility for a low resistivity (100) sample.

reverse bias between the surface and the substrate.
The surface field at a given gate voltage is independent
of the substrate bias. However, a reverse substrate bias
increases the depletion layer width so that the net
effect is to reduce the number of surface electrons with-
out changing the surface field. The number of electrons
removed from the surface is approximately given by

An = (KSiNa/Z"rq)uz[(Vs"*— Vsub)llz— V81/2] ’ (7)

where Vg, is the substrate bias with respect to the
surface contacts and V', is the electrostatic potential of
the inversion layer in the absence of substrate bias. The
normally observed threshold shift in field effect tran-
sistors is caused by this surface carrier depletion by the
substrate bias.

Figure 18 shows typical results of measurements of
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Fic. 18. Effect of substrate bias on the field effect mobility.
These curves are for different voltages Vb applied between the
source and an Ohmic contact to the substrate.

pre for a (100) 7-channel sample at 77°K. The apparent
shift in threshold is caused by just the mechanism de-
scribed above and fits Eq. (7) well. The first peak
decreased with reverse bias on the contact substrate
diode as well as shifting. The second peak was much
less affected. For forward bias, which increases the
surface carrier concentration without increasing the
surface field, the first peak in urg was enhanced.

These results seem to indicate that the mobility is
primarily a function of the normal field rather than of
the carrier density, at least for the region around the
first peak in upe. If only the carrier concentration were
involved, a rigid shift of the curves would have been
expected. In fact, the observations indicated that for
equal free-carrier densities, the first peak decreased as
the surface field increased. This result is consistent with
the observation reported above, that the first peak is
higher and more prominent for a lightly doped substrate.
In that case, for Ve, =0, the normal field near threshold
is proportional to (,V,)¥2. Thus, more lightly doped
samples have lower surface fields at the onset of inver-
sion and correspondingly higher initial peaks.

LOW-TEMPERATURE OBSERVATIONS

It is striking that as the temperature of a sample is
lowered from 78 to 4.2°K, the current threshold voltage
can change rapidly. Such a shift has also been observed
by Nathanson.?” The threshold for a field-effect device
is given approximately by??

st QsT
V= —_+—"+‘l/ms+ VsT, (8)

0 0
27 H. I. Nathanson, C. Jund, and J. Grosvalet, in Proceedings
of the International Electron Devices Meeting, Washington, D. C.,
1967 (unpublished); and private communication.
2 F. P. Heiman and H. S. Miller, IEEE Trans. Electron De-
vices 12, 142 (1965); L. Vadaz and A. S. Grove, IEEE Trans.
Electron Devices 13, 863 (1966).
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where V, is the voltage at threshold between the gate
and the source contact, Qs is the charge in the oxide
assuming it is at the silicon-silicon oxide interface, Co
is the oxide capacitance, —kox/478, Q,r is the charge in
the depletion layer at threshold, — (ksilVaqVer/2m)12,
Ver is the voltage drop across the depletion layer at
threshold, and ¥, is the contact potential difference
between the source contact and the gate. The contact
potential difference depends on the Fermi energy. For
an aluminum electrode, it will be about® —1.1V less
the Fermi energy measured from the valence band. The
primary contribution to its temperature dependence
should be from the change in the Fermi level. However,
the temperature dependence of the barrier height has
not been measured.

Various authors have used different criteria for
threshold. Grove and Fitzgerald® have used the criterion
that V,r=2yr, where Y5 is the Fermi energy in the
interior measured from the center of the energy gap.
This criterion is a requirement that the surface be as
n-type as the bulk is p-type, and cannot be a useful
definition for intrinsic substrates at low temperatures.
We assume that at low temperatures the bands must
be bent so that the Fermi level is at the conduction
band edge at the surface. That is, ¢V sr=e.— er, where
e.—er is the energy difference of the conduction band
and Fermi level in the interior.

MOBILITY AT 4.2°K
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Fic. 19 Comparison of Hall data at 4.2 and 77.3°K. The data
have been displaced. The extrapolated threshold for free-carrier
induction is 0.720.2 V for both 77.3 and 4.2°K.

2 A. M. Goodman, Phys. Rev. 152, 785 (1966) ; A. M. Goodman
and J. J. O’'Neill, J. Appl. Phys. 37, 3580 (1966); B. E. Deal,
1(*31. 61%) Snow, and C. A. Mead, J. Phys. Chem. Solids 27, 999

966).

(1;0625 S. Grove and D. Fitzgerald, Solid State Electron. 9, 783
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From this argument, the temperature variation of
V.r arises primarily from the change in Fermi energy
in the temperature range of interest. It is in fact equal
and opposite in sign to the change in Y, so that the only
variation in threshold voltage comes in through the

Qsr term.
Therefore,
dVr dVer dQ.r
— =~ : ©)
dT  dT dV,r
Using Eq. (8), and assuming
Vsr=E,+ (kT/q) n(N./Ap), (10)

where E, is the energy gap (about 1.21 eV below 77°K),
and 4, is the effective valence band density of states,?
which is 0.92[ 2mm/B* P1RLET J*/2. Then,
dV,T 81rKs, 1/2 k5 Na
N[———————] ln( —) .
aT 2 okx  \p

This result is only approximate but gives an order-of-
magnitude result between 77 and 4.2°K. For 30°K,
0=10"%cm, and N,=10"/cm?, then dV,/dT~7mV/°K.
Changes of as much as 10 V have been seen (see Table
I) in this range. Thus the shift in conductance threshold
is much larger than expected from the argument above.

Two measurements indicate that the threshold for
onset of inversion does not change appreciably in this
temperature range. The results of Hall measurements
at 4.2°K, as shown in Fig. 19, demonstrate that the
apparent shift is caused primarily by what seems to be
a sharp decrease in mobility. Extrapolation of the data
for carrier density as a function of gate voltage indicates
the same threshold for both temperatures. Similarly,
results for oscillatory magnetoconductance measure-
ments'? indicate that the Landau levels extrapolate
to the 77°K threshold at zero magnetic field. (The
Landau levels should coalesce to the conduction band
edge.) The Hall measurements also indicate that this
effect is not caused by contact resistance at low
temperatures since they are essentially open-circuit
measurements.

Table I shows representative results for the apparent
low-temperature shift. The shift is not always well
defined at 4.2°K even by measurements of the field
effect mobility so that the error is about 109, in AN,,
which is taken as equal to (kox/4m8q)AV, is determined
from Eq. (8) using Veyr=1.2V.

One strong correlation can be made from this table.
The size of the shift depends on the size of the built-in
surface charge. This charge is usually ascribed, in part,
to states close to the silicon-silicon oxide interface in the
oxide.® It should be noted that the correlation obtains
whether the charge is attractive or whether it is re-
pulsive, as in the case of the gold-doped oxides, although

31 B. E. Deal, M. Sklar, A. S. Grove, and E. H. Snow, J.
Electrochem. Soc. 114, 266 (1967)
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TaBLE I. Low-temperature shift in conductance threshold.
Max. field
effect mo-
Oxide bility at
Surface orien- Resistivity thickness Threshold voltage N2 ANP 2°
Sample tation (2 cm) (A) 77°K 4.2°K (101 /cm?) (101/cm?)  (cm?/V sec)
87-11 H, (100) 10 1100 0 0.9 1.45 1.81 3100
11 H, (100) 10 -0.5 0.8 2.50 2.6 3400
11 H,; (100) 10 1100 —-0.1 1.0 1.65 2.2 3320
87- 8 H, (100) 10 990 —14 0.9 4.57 5.12 3100
8 H, (100) 10 990 —1.8 0.7 5.46 5.57
87-10 H, (100) 10 1100 -0.3 1.2 2.05 3.0 2700
10 H, (100) 10 1100 —0.4 0.7 2.25 2.2
87- 7 H, (100) 10 990 0.3 0.4 0.85 0.20 2550
H, (100) 10 990 0 04 1.45 0.60
87- 5 H; (100) 2 1100 0.7 13 1.98 1.21 1100
2 (100) 2 1100 0.6 1.0 218 0.81 1200
87- 4 H, (100) 2 1100 0.7 1.2 1.98 1.11 2910
2 (100) 2 1100 0 1.2 3.39 2.68 2540
87- 2 H, (100) 2 990 0.7 1.2 1.83 1.11 2910
H, (100) 2 990 0 1.2 3.39 2.68 2540
87- 1 H, (100) 2 990 —0.4 0.9 4.28 2.90 1600
H, (100) 2 990 0.8 1.0 1.61 0.45 2530
8279 H, (100) 10 1000 0.15 0.9 1.08 1.65
H, (100) 10 1000 0 0.7 1.45 1.55
8286 H, (100) 10 1000 0.6 1.5 0.12 1.99
H, (100) 10 1000 0.45 1.5 0.99 2.32
8282 H, (100) 10 1000 0.45 1.3 0.99 1.88
H, (100) 10 1000 0.45 1.0 0.99 144
8278 H; (100) 10 1000 0.7 1.2 -0.1 1.11
H, (100) 10 1000 0.8 1.3 —0.32 1.11
8292 H, (100) 10 1000 1.6 2.7 —-2.09 2.43
H, (100) 10 1000 1.4 2.5 —1.45 2.43
3046 (100) 8.6 1100 -3.5 1.7 7.711 10.4 3300
3717 (100) 129 1100 —-2.0 —-0.5 4.47 5.0 5850
3426 (100) 1.88 1100 -0.5 1.0 4.44 3.01 3060
3431 A (100) 2 1100 —-0.2 2.0 3.79 4,22
B (100) 2 1100 —-0.9 1.8 5.20 5.44
8276 A (100) 10 1100 —-0.3 0.85 2.05 2.31 3900
B (100) 10 1100 0.45 1.05 0.55 1.21
5057 A (100) 2 1100 —-0.1 1.05 3.19 2.14
B (100) 2 1100 —0.25 1.0 2.89 2.52
8280 A (100) 10 975 0.40 0.90 0.55 1.13
B (100) 10 975 0.30 0.95 0.77 1.47
1421 (100) 2 1200 0.6 1.0 2.29 0.74
3715 (100) 2 1100 —6.8 —4.3 13.8 5.03
3301 (111) 100 1100 —6.25 1.0 13.1 14.5 317
8757 H, (111) 10 1000 —0.45 0.6 2.44 2.34 1200
H, (111) 10 1000 —-0.35 0.7 2.23 2.34 1225
9774 H,° (111) 10 1000 6.25 9.5 15.2 6.5 130¢
H, (111) 10 1000 6.75 10.25 16.3 7.711 245
H; (111) 10 1000 6.75 9.25 16.3 5.52 240
4588 (110) 130 1100 —-1.0 2.0 2.46 6.0

a Calculated from Eq. (9) using ¢ms+Vs: =0, and Vs =1.2 V. The accuracy of these figures is not better than +0.2 X101,
b Calculated using AN =CoAVt/g. This is the apparent shift in oxide charge and is always negative.

° These samples had gold diffused into the oxide from the back of the sample.
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AN, is smaller than one might have expected for the
gold-doped samples.

This result may be taken as strong evidence that at
low temperatures the primary scattering mechanism at
electron densities of the order of the oxide charge is
caused by Coulombic scattering by the charges near
the interface. Such scattering has been discussed by
Kawaji and Kawaguchi® and in more detail by Stern
and Howard.!® The latter have fit some of these data at
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Fic. 21. Mobility as a function of temperature. The carrier
densities and apparent activation energies are given for increasing
gate voltage.

32 S, Kawaji and Y. Kawaguchi, J. Phys. Soc. Japan Suppl. 21,
336 (1966).
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somewhat higher fields than in this region using a two-
dimensional gas model. However, they® do not feel that
their theory is applicable at the lowest fields. A com-
parison is shown in Fig. 20.

In their theory, Stern and Howard have suggested an
explanation for the threshold shift when the potential is
attractive. They have shown that positive ions near the
interface result in bound states. They predict that the
binding energy should decrease as the free-electron
density increases because of increased screening. At
some electron density, the binding energy would be
small enough so that the electrons would be released.
Something of this sort would qualitatively explain the
conductance data.

This explanation is supported by the temperature
dependence of the effective mobility in the range of the
threshold shift. Figure 21 shows the dependence of the
effective mobility for different fields. The effective
mobility increases as exp(—e/kT). The activation en-
ergy decreases with field which would seem to be
consistent with the bound-state theory of Howard and
Stern.

The Hall data seem to show that the Hall mobility
decreases rapidly near the threshold at 4.2°K. If the
bound states overlapped slightly, a two-band model of
the mobility would be necessary for interpretation.
Then the measured mobility and carrier density would
be approximately

N"1M12+7l21-t22~ (f+ (1—f)bz>
L= 1131
AAQA=5Hb

N g(nlﬂ1+n2u2)2_w_[f+ (1—1)pF
" it fH(—p

(AT 2T
and

where b is the ratio of the mobility in the bound-state
band to the free-electron mobility and f is the fraction
of electrons that are free. As is well known? if b is
constant, the measured carrier density has a minimum
when f is varied and the experimental evidence for an
extremum in this case is small. There is a rise in dn/dV,
near threshold and a subsequent decrease, but it is
much less sharp than would be needed to explain the
conductance variation.

The results at present are not conclusive evidence for
the bound-state model or for a sudden drop in mobility.
Perhaps the impurity scattering is very strong at low
charge densities and the bound states also play a role.

For the case of gold-doped samples, the potential is
repulsive and seems much less effective in causing a
shift. (AN,<N,) bound electrons are not possible here
but an analogous bound hole may play a role. Another
way of looking at this case is that the negative ions will
cause local cavities in the conducting film—a sort of

3 F. Stern and W. E. Howard (private communication).
3 H. Fritzsche, Phys. Rev. 99, 106 (1955).
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“Swiss cheese” conducting sheet. The screening will
affect the size of the cavities and they might also dis-
appear abruptly as free electrons are induced.

A correlation between the maximum observed field
effect mobility and other properties is somewhat un-
certain. It can be said that the mobility for {100}
surfaces—no matter what the substrate resistivity—is
greater than 1100 cm?/V sec, whereas for {111} sur-
faces, the mobility was smaller than 1200 cm?/V sec
at 4.2°K. There seems to be some but not complete
correlation with substrate resistivity and some with
oxide charge, but the effect of these is not conclusive
yet. It was to be expected that the electrons in a (111)
surface with a mass of 0.38 m, parallel to the surface
and a two-dimensional density of states® of 24 (0.3871,)/
#? should be more effectively scattered by ions than
those in a (100) surface with a mass of 0.2 m, and a
density of states of (8/42) (0.2 m,). The Fermi velocities
are inversely proportional to the square root of the
density of states for equal numbers of electrons and to
the square root of the effective mass parallel to the
surface. Thus, the velocity for equal numbers of elec-
trons is about 3.3 higher in a (100) surface than in a
(111) surface. Hence, it is not surprising that the (100)
surface demonstrates higher mobility than the (111) at
low temperatures where impurity scattering dominates.

One might expect that the effect of scattering by
surface phonons or by roughness of the surface should
be less for a (111) surface than for a (100) surface be-
cause the lighter mass perpendicular to the surface
results in the wave functions more distant from the
surface on the average. No theory based on a quantized
model for surface scattering exists but it does seem
reasonable that when the wave function’s average depth
is of the order of the depth of surface irregularities,
scattering should result. That should occur sooner for
{100} than for {111} surfaces.

CONCLUSIONS

In this paper, we have attempted to survey some of
the salient aspects of transport in the surface of silicon.
While the results are incomplete in some areas, it is
believed that the general picture is clear. However,
many outstanding problems remain—both experimental
and theoretical.
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Outstanding among the experimental problems is a
study of the detailed relationship between mobility and
oxide charge and substrate doping for the different
surfaces. The results in this paper allow general con-
clusions but are not complete if a unified theory of
scattering is to be tested. They should serve to help
decide what scattering mechanisms are important.
Another question of interest is the expected anisotropy
on the (110) surface. Such an effect has been reported
for holes.16

The only scattering theory based on a quantum model
of the surface that is relatively complete is for ionized
impurity scattering on {100} surfaces at low tem-
perature, and this seems to have limited range of vali-
dity. Interband scattering has also been considered
at higher electron densities. However, no scattering
theory exists for temperatures above 77°K.

An interesting observation is that the mobility at
high fields at room temperature is a linear function of
the average distance of the electrons from the surface
independent of doping. This may provide a starting
point for the interpretation of the high-field scattering.

One of the outstanding questions concerns the cause
of the two maxima in the liquid-nitrogen temperature
range. While it is a common result for mobility to have
a maximum as a function of some variable, a minimum
is not common.

There are other results which will not be discussed
here, but will be addressed in later papers. Among these
are fine structures in the first peak at 77°K and their
temperature dependences and hot-electron effects at
4.2°K and below.
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