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Measurements of the field-effect mobility of electrons in n-type inversion layers of Si as
functions of the crystalline orientation of the surface and of the azimuthal direction of the cur-
rent path within the layers are reported. Significant mobility anisotropy observed over a range
of strong electric fields perpendicular to the surface at temperatures from 77 to 320 °K con-
trasts substantially with that in the case of p-type inversion layers reported previously. The
anisotropy at room temperature can be successfully interpreted in terms of the effective-
mass anisotropy calculated on the basis of Stern and Howard’s formula for the two-dimensional
carriers. For a full understanding of the experimental results, particularly at low tempera-
tures, theoretical investigations including the anisotropy of the relaxation time are required,
but have not been explored enough. Extensive data on the dependences of the mobility on the
electric field and temperature as well as bulk-acceptor concentration are presented and dis-
cussed in the light of existing scattering theories. Some hole-mobility data are included for

comparison.

I. INTRODUCTION

In a previous paper! on physical properties of
p-type inversion layers on oxidized silicon surfaces
in the structure of the metal-oxide-semiconductor
field-effect transistor (MOSFET), pronounced ef-
fects of the crystalline orientation of the surface
and the direction of current flow on the field-effect
mobility of holes were reported. Ten surface ori-
entations lying in the (100) and (011) zones and two
specified directions of the flow on each plane, ex-
cept (111) and (100), were used. It was concluded
that the mobility anisotropy at room temperature
under strong electric fields applied perpendicularly
to the surface is mainly due to the anisotropy of
the effective mass of heavy holes whose motion in
the direction of the surface normal is quantized.
The effective masses were calculated by Maeda?
on the basis of a (110)-swelling energy contour®
that is pertinent to the high-energy heavy holes.
Possible anisotropy of the carrier mean free time
was fully neglected. An over-all result of this
study is summarized in the lower half of Fig. 2 in
the present paper. This type of mobility anisotropy
was first observed and theoretically investigated
for some typical surface orientations by Colman,
Bate, and Mize ! who utilized the band-edge struc-
ture, which is not a good approximation for the
high-energy heavy holes.

In view of this result one can naturally expect
that the mobility anisotropy in the case of electron
motion in n-type inversion layers should appear
quite differently, since the conduction-band struc-
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ture is very different from the valence-band struc-
ture. Stern and Howard® have calculated, with a
theory in the effective-mass-approximation frame-
work, the effective masses of the electrons moving
like a two-dimensional electron gas on the (100),
(111), and (011) planes when their motion perpen-
dicular to the surface is quantized. If the effective
mass again features the mobility u of the electron,
mobility anisotropy should appear such that u(100)
is highest and n(011) L (011) is higher than pu (011)I
(011). Notations (#k7)L and lIx’’l’) mean the di-
rections of the current paths perpendicular to and
parallel to (’k’l’) on the (#kl) plane, respectively,
throughout this paper. Experimental evidence
showing that p (100) is higher than p(111) in
MOSFET’s under a strong electric field is shown in
papers by, for example, Fang and Fowler® and
Murphy, Berz, and Flinn.” Ohwada, Maeda, and
Tanaka® reported that we have u (100) >u (311)
>u(211)>p (111)= p (011) in accordance with the or-
der of calculated reciprocal effective masses of
electrons.

The primary purpose of the present study is to
investigate how the effective-mass anisotropy ap-
pears in the anisotropy of the field-effect mobility
of the electrons in the inversion layers at tempera-
tures between 320 and 77 °K, by the use of the same
orientations and directions as those used in the
hole-mobility study.! In Sec. II the corresponding
effective masses are calculated on the basis of Stern
and Howard’s formula. Experimental procedures
are described in Sec. III. In Sec. IV observed mo-
bility anisotropy at room temperature is success-
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fully compared with the effective-mass anisotropy
including the effect of carrier population in energy
levels above the lowest subband. Mobility anisot-
ropy at low temperatures points to an anisotropy of
the relaxation time. Data on the dependences of
the mobility on the electric field and temperature
as well as on bulk-acceptor concentration and some
of the data on the hole mobility are presented for
comparison in Sec. V. The data which manifest
themselves in the complexity of the phenomena are
discussed by existing theories of carrier scattering
mechanisms. It is emphasized that although Fang
and Fowler® reported extensive data on the Hall
mobility, conductivity mobility, and field-effect
mobility on (100), (111), and (011)over awide range of
temperatures down to 4. 2 °K, the present data will
provide new information because more orientations
are used and the direction of current path is speci-
fied. Concluding remarks on the problem remaining
unsolved are described in Sec. VII.

II. CALCULATION OF ANISOTROPIC
EFFECTIVE MASSES OF ELECTRONS

It is known that, when a strong electric field is
applied to the semiconductor surface in the direc-
tion normal to the surface, carrier motion in this
direction is quantized.9 When the inverted surface
channel is approximated by a triangular potential
in direction z, quantized energy levels E,, for a
noildegenerate constant-energy surface are given
by

E,,= [erﬁ/(Zm,)l /2]2/87;1 ,
n=0, 1,2 .... ()

Here v, is the (2 + 1)th zero of the Airy function,
F,is the normal electric field at the surface, and
m, is the effective mass of carriers in the 2z direc-
tion. When this quantization occurs, the carrier
behaves as a two-dimensional electron gas in the
xy plane parallel to the surface. In this case, when
anisotropy of the relaxation 7 is neglected, the
carrier mobility u;; is expressed as
#ij=e"'(m-l)i/, i, j=1, 2 )

where (m ™), ; is the ij element of the reciprocal-
effective-mass tensor of the second rank.

Calculation of (n™); j by the effective-mass theory
is easier for electrons than for holes, because of
nondegeneracy at the conduction-band edges, which
is in contrast to the threefold degeneracy of the
valence-band edge. For the conduction bands with
multiple minima of silicon Stern and Howard® cal-
culated the principal effective masses for surface
orientations of (100), (011), and (111) in terms of
m,; and m,;, which are, respectively, the transverse
and longitudinal effective masses in the bulk at
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the conduction-band edges.

Making use of Stern and Howard’s general formu-
las [see Eq. (13) in Ref. 5], we extend the calcu-
lation of the reciprocal effective masses to the
cases of electrons moving on the planes lying in a
(100) zone and on the planes lying in a (011) zone.
We define the x and y directions to be the directions
parallel and perpendicular to the (100) direction on
the planes in the (100) zone, respectively, and to
be the directions parallel and perpendicular to the
(011) direction in the planes in the (011) zone, re-
spectively. We need only a transformation of the
original coordinates £, n, and { passing through
the principal axes of the constant-energy ellipsoids
(Fig. 1) to those for the specified surface orienta-
tions. For convenience, the six band edges are
arbitrarily numbered as indicated in Fig. 1(a).

For the (100) zone the coordinates of concerned
orientations, £’=£, n’, and ¢’, are specified with
angle 6 around the £ axis, as shown in Fig. 1(a). -
Results of the calculations of the reciprocal effec-
tive masses m,™1{100), m,™ 1(100), and m
for each band edge are given in Table I(a). For
the (011) zone, the necessary transformation is as
follows: First, rotate the n and ¢{ axes around &
by 45°, and next, rotate the new 7’ and the £’'=¢
axes around the new ¢’ axis by 6. These procedures
are illustrated in Fig. 1(b). The transformed co-
ordinates are £/, ’’, and ¢{’’. When 6= 0, the
plane perpendicular to the n’’ axis is (011), and
when cos?6 =%, itis (111). It should be noted that
for ellipsoids 1-4 the reciprocal masses (m™),,
and (m ')y, are not principal values of the constant-
energy ellipses associated with motion in the sur-
face, but the equivalent-energy ellipsoids 1 and 3,
and 2 and 4 cancel out the off-diagonal elements,
and thus we shall tabulate only the reciprocal-ef-
fective-mass tensor elements (m ™), and (™).
Hereafter we call these elements m,™ and m ™,
respectively. Hence, in this case, the product
mymym, isnotequalto the product ;m jmof the
principal effective masses in the bulk. The results
thus calculated for m,™ 1 (011), m,™ 1(011), and
m,” are summarized in Table I(b). For the sur-
face orientations involved in the present experi-
mental study the numerical values of the recipro-
cal effective masses in units of the reciprocal free-
electron mass m,™ are given in Table II.

III. MEASUREMENTS

Experimental n-channel transistors used in this
experiment have a rectangular channel path 200 um
long (L) and 600 pm wide (W). Ten surface orien-
tations and two specified source-to-drain directions
on them (refer to Table II and Fig. 2) on p-type
~8-25-Q cm silicon material are selected. These
features are the same as those of the p-channel
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(a) {100) zone

transistors in the authors’ previous study.! The
source and drain islands were doped with phospho-
rus. A p* guard ring is further provided around the
active transistor region so as to prevent possible
current leakage. The gate oxide grown in steam at
1145 °C is about 2000 A thick, and doped with phos-
phorus for stabilization. Before and after the gate
electrode of aluminum was provided, the specimens
were heat treated in a hydrogen atmosphere at 500 °C
for 15 min and at 50 °C for 15 min, respectively,
to decrease the density of surface states.

The field-effect mobility y zz is determined by
measurement of the transconductance g ,, under the
triode operation of the transistor:

3)

where C,, is the gate-oxide capacitance and Vj the
source-drain voltage. The transconductance |3,/
9Vs | yp was measured directly using an ac modu-
‘lation technique similar in principle to that described
by Fang and Fowler.® The drain voltage is fixed at
50 mV and the gate signal is 1 kHz, 200 mV rms.
The field-effect mobility defined by Eq. (3) is ac-

K FE =gmL2/coxVD ’

the angle between the ¢ and ¢ axes.

In {011) zone (b), the surface normal
is an '’/ axis and 6 is the angle between
the " and 1"’ axes.

(b) {OIT) zone

curate, except when the gate voltage V; is close to
the threshold voltage Vi, of the transistor within
0.5 V. Equation (3) assumes no trapping of in-
duced carriers into surface states at the interface.
Since the present samples were properly annealed,
and the values of {ygdetermined on the basis of
Eq. (3) at 1 kHZ are the same as those of { g de-
termined by a dc method, the trapping of the induced
carriers into surface states which would respond
to the frequency up to 1 kHz can be neglected, al-
though Sakaki, Hoh, and Sugano!! reported about
10% trapping of induced carriers over a range of
carrier concentration up to 3xX10'3/cm?.  The
threshold voltage reflecting the density of surface
states ranges from - 1. 3to — 4.0 V at room tem-
perature. The smaller V;'s appear on the surfaces
around (100) and the larger ones appear around
(111), which is the same as for the p-channel tran-
sistors.! The standard deviation of transconduc-
tance data among ten samples is about 1%, but the
values of the oxide capacitance are scattered a
little from sample to sample in a range of +49%.
More recently dependence of the field-effect mo-

TABLE I. Reciprocal effective masses of electrons in the three specified directions on the planes lying in the {100y

and (011) zones for the six band edges.

The principal masses at the conduction-band edges of the bulk are m;, m;, and

m;. Angle 6 specifies the surface orientation (see Fig. 1).
(a) (100) zone
Band edge  Valley L {(100) my"11(100) my !
5, 6 (100) my myt my!
1,2 (001) my! (my cos?0 +m,; sin®6)~! cos?0 m;! +sin’9m,!
3,4 (010 my (m; c0s%0 +m, sin%9)~! c0s%0 m,! +sin®0 m;!
(®) (011) zone B 1
Band edge  Valley m, 11 (01T) my 1L (01T) mg
- . - 1y, - -1 -1y, -1 2
1, 2 (001) mytmy ™ cos? +%sm2Q (my™ +my Hm,? $0m, +:n, Ymy cos®f myt +m ) +sin’ O my!
3,4 (010) m! mg
5,6 (100) m? (m, cos?0 +m, sin?9)~! cos?0 m,! +sin’0 m,!
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FIG. 2. Plots of the field-effect mobility of electrons
(upper half) as functions of surface orientation and cur-
rent-flow direction. The calculated reciprocal effective
mass of electrons in the lowest subband (see Table II) is
also plotted by dotted lines. Corresponding results
(Ref. 1) of hole mobility are reproduced for comparison
(lower half). The apparent discontinuity of the masses at
the (111) [and p channel (100)] surfaces comes from the
fact that only the lowest subband is considered. Near
the (111) surface, the energy of upper subbands comes
closer and closer to the energy of the lowest subband.

If the population into these upper subbands is taken into
account statistically, these discontinuities should disap-
pear (see Table IID). The resistivities of substrate and
threshold voltage, respectively, for each orientation are
23.7 Qem,; —1.4V, (100); 24.0 Qcm, —1.9V,

(811) Il {01T); 24.6Qcm, —3.2V, (811) L (011); 8.3 Qcm,
—1.7V, @411) || {011); 8.0Qcm, —1.6V, (411) L (01T);
23.1Qcm, —3.0V, (311) || (01I); 24.7Qcm, —2.9V,
(311) 1 (011); 24.3Qecm, —2.3V, (211) || (01T);
24.0Qcm, —2.6V, (211) L (01I); 8.7Qcm, —2.1V,
(322) I (011); 8.5Qcm, —1.7V, (322) L (011); 8.3Qcm,
—4.0V, (111); 27.5Qcm, —2.5V, (011) L (01T);
27.3Qcm, —2.2V, (011) I (01T); 15.8Qcm, —2.3V,
(023) Il {100); 15.7Qcm, —2.5V, (023) L (100); 8.7 2 cm,
—1.3V, (013) II (100); 8.5Qcm, —1.6V, (013) L (100).

bility on the acceptor concentration of the substrate
with (100) orientation in the range 1x10" to 1x10'"/
cm® was studied in an independent experiment, and
the result is included in this paper.

The field-effect mobility cannot be directly com-
pared with the conductivity mobility yu that is the-
oretically investigated in this paper. When the
trapping effect is neglected, we have
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TABLE II. Values of the reciprocal effective masses
in unit of me‘1 in the three directions on the planes lying
in the (100) and (011) zones, given in Table I. Band-
edge masses m;=0.19m, and m;=0.98m,, are used
(Ref. 10). Note that in the (011) zone, m,! and m,™
for 1, 2, 3, and 4 band edges are not the principal values,
except for the (011) plane (see text).

(a) (100) zone

Band
Surface edge my (1000 my L1000 m,t
(001) 1,2 5.26 5.26 1.02
{3, 4 5.26 1.02 5.26
5,6 1.02 5.26 5.26
3.14 3.14
(013) 1,2 5.26 3.72 1.44
3,4 5.26 1.11 4,84
5,6 1.02 5.26 5.26
(012) 1,2 5.26 2.87 1.87
3,4 5.26 1.22 4.41
5,6 1.02 5.26 5.26
(023) 1,2 5.26 2,31 2.33
3, 4 5.26 1.36 3.95
5,6 1.02 5.26 5.26
(011) {1, 2 5.26 1.71 3.14
3,4 5.26 1.71 3.14
5,6 1.02 5.26 5.26
(b) (01T) zone
Band
Surface edge m,"' 1(01T) my(01T)  om,!
(011) {1, 2 1.71 5.26 3.14
3,4 1.71 5.26 3.14
5,6 5.26 1.02 5.26
(233) 1,2 2.10 4,69 3.53
{3, 4 2.10 4.69 3.53
5,6 5.26 1.20 4.49
(111) | 1,2 2.36 4.30 3.85
3,4 2.36 4.30 3.85
5,6 5.26 1.39 3.85
3.33 3.33
(322) 5,6 5.26 1.78 3.02
{1, 2 2. 64 3.88 4.26
3,4 2.64 3.88 4.26
(211) 5,6 5.26 2,21 2.43
1,2 2.81 3.63 4.55
3,4 2.81 3.63 4,55
(311) 5,6 5.26 3.00 1.79
{1, 2 2.97 3.39 4,88
3,4 2.97 3.39 4,88
(411) 5,6 5.26 3.60 1.49
{1, 2 3.04 3.29 5.03
3,4 3.04 3.29 5.03
(811) 5,6 5.26 4.67 1.15
{1, 2 3.11 3.18 5.20
3, 4 3.11 3.18 5.20
(100) 5,6 5.26 5.26 1.02
{l, 2 3.14 3.14 5.26
3,4 3.14 3.14 5.26
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FIG. 3. Energy diagram calculated using a triangular

potential approximation at F,=5X 10° V/em. Fermi levels
at 300 and 77 °K are shown by fine solid lines.

where o is the channel conductance and N the in-
duced carrier concentration. Then we have

Bee(Ve) 2 (Vo) + Vo= Vr) g @
or

- 1 A
K (Ve)s m_/;T bre(Ve)dVe . (5)

Thus, when the mobility varies strongly with the
gate field, the field-effect mobility departs appre-
ciably from conductivity mobility. When the gate-
field dependence of upg can be approximated by

pre=a(Vg=Vy)® ’ (6)
in which @ and B are constant, then
p=la/A-B)(Ve-Vr)* . ()

In this case the field dependences of both mobilities
are the same. Note that u 2z when 820, and
that uyg <0 when B >1.

IV. MOBILITY ANISOTROPY

Inthe upper half of Fig. 2the field-effect mobility
preatVg— Vp=25V (F,=4x10° V/cm)andat T
=298 °K, andthe calculated reciprocal effective mass
m3; in the lowest energy subband (see Table II) are
plotted as functions of surface orientation and cur-
rent path direction. The scales of Lz and m;}
are normalized at (111). We shall hereafter call
the anisotropy with respect to the surface orienta-
tion and that with respect to the direction on a plane
the interplanar and intraplanar anisotropies, re-
spectively. It is seen in Fig. 2 that both the inter-
planar and intraplanar mobility anisotropies are
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substantially in accord with those of the reciprocal
effective mass, and are entirely contrary to the
feature of the p-channel result,l which is reproduced
in the lower half of Fig. 2. Quantitative agreement
is not satisfactory, however.

A part of this disagreement is presumed to be
due to the fact that the carriers in the z direction
are not all in the lowest energy subband. In Fig. 3
we plot the Fermi levels at 300 °K (and 77 °K), the
ground states of three different valleys, and the
first and second excited states of (100) or (010)
valley as functions of the surface orientation in
the case of F,=5x10° V/cm. The calculations
were made in the triangular potential approxima-
tion. Referring to Table II, we expect that, when
adjacent ground states of other valleys are involved
(@) m™(100) is decreased; (b) on (011), m ™ 1(017)
is decreased and m ™ 11 (011} is increased; (c) on
(hkl) between (111) and (100) in the (011) zone, say
(311), m 1 (011) is decreased; and (d) on (vkl) be-
tween (001) and (011) in the (100) zone, say (013),

m ™ 11 (100) is not changed by mixing the states of the
(010) valley, but is decreased by the (100) valley.
When these effects are taken into account, both the
interplanar and intraplanar effective-mass anisot-
ropies approach the experimental mobility anisot-
ropy. In order to obtain numerical values of the
reciprocal mass considering the mixing of other
valleys and upper subbands, one needs to deter-
mine the energy separations more exactly, and

then one should make a self-consistent calculation.’
Preliminary results of Maeda’s self-consistent cal-
culation'® are cited in Table III. Hereafter m™
means a thermally averaged reciprocal effective
mass, neglecting the energy dependence of the re-
laxation time. The anisotropy of the new reciprocal
effective mass is in good agreement with the ob-
served mobility anisotropy. This is rather surpris-
ing when one considers the energy uncertainty caused
by carrier scattering and also by possible anisot-

TABLE IIl. Preliminary results of a self-consistent
calculation of the effective masses in unit of m,™! of
electrons, performed by Maeda (Ref. 11). F,=5%10°
V/em, Ny—Np=5%10" em™, and N=3.0x10! ¢cm™2,

300 °K 77°K

my1¢100)  m,tL (100) my 1 (100) my 1L (100)
(001) 4.30 4,30 5.07 5.07
(013) 4,28 3.43 5.04 3.63
(023) 4.20 2,76 4.96 2.34

m01T)  my 1L (01T) my 1 (01T) my,"1L(011)
(011) 2,62 4,18 2,00 4.92
(133) 2.75 4,01 2,18 4.67
(111) 3.33 3.33 3.33 3.33
(322) 3.67 3.06 4.19 2.64
(211) 3.88 3.01 4.63 2,57
(311) 4.09 3.20 4,92 3.06
(811) 4.27 3.98 5.06 4,53
(100) 4.30 4.30 5.07 5.07
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ropy of the relaxation time.

Figure 4 shows the mobility anisotropy at three
temperatures: 298, 208, and 77 °K. The change
in the anisotropy with temperature is not simple,
but in general the interplanar anisotropy is much
increased at 77 °K, and the intraplanar anisotropy
on the surfaces around the (011) and (111) regions
is appreciably increased. The self-consistent cal-
culation'? has resulted in a comparable intraplanar
anisotropy, but in an interplanar anisotropy (see
Table IIT) which is too small for the experimental
mobility anisotropy at Vi=V;=V,=25Vand T
=77 °K. Although we should not be overly concerned
with numerical details, because ugg at 77 °K strong-
ly depends upon V; (see Sec. VI) so that upg at V4
=25V is only specific, and u gz deviates from the
conductivity mobility (see Sec. III), the large dis-
agreement between theory and experiment requires
the investigation of the carrier-scattering mechan-
ism. In what follows we shall approach this prob-
lem by studying the dependences of the mobility on
the gate field and temperature.

V. DEPENDENCES ON GATE
FIELD AND TEMPERATURE

A. Gate-Field Dependence

In Fig. 5 uyg is plotted as a function of Vi for
typical surface orientations at 298 and 77 °K. A
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rough feature of the dependence at temperatures in
the range 77-320 °K for various orientations may
be seen from Figs. 9-13, in which the temperature
dependences of uyg at several values of V[ are
shown.

Near room temperature W yg is roughly propor-
tional to (Vg— V) '/” with y=2.4~2. 8 over a range
of Vg from 2 to 25 V. It is recognized in the liter-
ature that observed values of the electron mobility
and the gate-field dependence, except for a weak-
field region, are not much scattered among #~chan-
nel transistors made on the (100) plane by present
technology, although the mobility at the weak gate
field is sensitive to the surface-state density.

As shown in Fig. 6, we have made it clear in an
independent experiment!® that the mobility does not
depend upon acceptor concentration in the substrate
over a wide range, but primarily depends upon
F,=47eN,,/Ks; and not upon N. The notation N,
is the total charge density. The surface-state
density in this experiment estimated from the
threshold voltage is 1.5~3.0%10'!/cm?, indepen-
dent of the substrate resistivity.

The field dependence of upg at 77 °K is very
anisotropic with regard to the surface orientation,
but is similar on the two directions on a plane.
Another example is given in Fig. 7 for (811). Two
remarkable features in the data are pointed out:
One is that the mobility curve on the surfaces that
yield relatively higher mobility shows a second
peak around V;=20V. Fang and Fowler® pointed
out that the second peak is observed on (100), (001),
and (111) at low temperatures below 90 °K, but
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FIG. 5. Gate-field dependence of the field-effect

mobility of electrons at 77 and 298 °K for typical surface
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FIG. 6. Plots of the field-effect mobility of electrons
on the (100) plane as a function of gate voltage for several
substrate acceptor concentrations at 298 °K.

not on (111) with low substrate resistivity. In the
present case, besides the data shown in Figs. 5
and 7, the second peak appears on (311) 1l (011}
and (013) 1 (100) and Il (100), but not appreciably
on (311)1(011) and the remainder. It is thus evi-
dent that the second peak is very prominent on the
surfaces and the current direction in which the re-
ciprocal effective mass is large. The interesting
feature is that upg for all orientations become
negative at a large Vg over 50V. The negative
field-effect mobility was first reported by Fang
and Howard.!* This is due to a decrease in u
which is faster than F;'.

It should be noted that the mobility at 77 °K, in
particular at a weak gate field, is more sensitive
to the surface-state density than it is at room tem-
perature.!® In Fig. 8 we reproduce the result of
measurement of upg at 77 °K for (100) surfaces on
the same samples as for Fig. 6. The mobility is
again independent of acceptor concentration, but
is determined primarily by F,, excepting only the
case of the lowest resistivity. The mobility curve
for the sample of the lowest resistivity is some-
what different from the others. That the mobility
of the sample is lower around V§=20V indicates
a contribution of the scattering by bulk impurity
whose surface density is now comparable to the
density of surface states. Thus, in the samples
with lower acceptor concentrations the surface
states are main charges scatterers.

Here we compare briefly these results with those
of the p channel: Even at room temperature, v in
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FIG. 7. Field-effect mobility of electrons vs Vg—Vyp
on the (811) plane with two current-flow directions at
77°K.

the range of V¢ from 10 to 25 V has a strong anisot-
ropy (see Figs. 6-8 of Ref. 1 and Figs. 14 and 15
in Sec. VI of this paper). We note that the higher
density of surface states on (111) and (011) might
play an important role for large y. Corresponding
data on the p channel at 77 °K were described in
Figs. 11 and.12 of Ref. 1, and a rough feature on
(100) and (011) will be seen in Figs. 14 and 15 in
this paper. Like the n-channel result, the inter-

6000
N-CHANNEL,(I00),77°K
r Na (cm=3) 1
I 1.2 x10%
4000 [ﬁ 2 33x10° .
8 3 ﬁ 3 32x 10
%A,
2 S N 4 13x107
>~
b3 et 4T\
£ 2000 S L
w 4 / N ’
ey L 8 N By
| d‘ \Af\ R
Ju) > \\Z\;i
ob—— 4 -
| o
- Il 1
100065 70 20 30 40 50 60 70

Vs IN V

FIG. 8. Plots of the field-effect mobility of electrons
on the (100) plane vs gate voltage at 77 °K for several
substrate acceptor concentrations. The concentrations
shown are the values at room temperature. The samples
are the same as for Fig. 6.
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planar anisotropy is much increased and the gate-
field dependences of pyg on the two directions on
a plane are not much changed.

B. Temperature Dependence

Figures 9-13 show plots of the mobility as a
function of temperature in the range 320-77 °K for
typical surface orientations at V¢=2, 10, 25, and
45 V. The dependence shows inter- and intraplanar
anisotropies. The following features may be pointed
out. For convenience we write urgoc 77" with
n(V¢é, T). (i) On (100), » is scarcely dependent on
V¢, and is 1.5~ 1.3 above 150 °K (Fig. 9). (i) On
(111), = is 1, nearly independent of V4 above 200 °K,
except for V4=2 V around which z is close to 1. 5.
(iii) In general, n decreases with increasing V¢
at higher temperatures: The highest value of n
is always nearly 1.5 at V=2 and/or 10 V. At Vg
=45V, n is down to 1.0 on (111) and (311) Il (011),
to 0.5 on (311) L(011) and (011) L(011), and even to
0 on (322)1(011) and (011)11(011). On (322) Il and
1(01T), and (011) Il {011), however, 7 continuously
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mobility of electrons on the (311) plane with two current-
flow directions.
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varies with 7. (iv) Below 150 °K, » generally de-
creases with lowering 7 and sometimes becomes
negative, e.g., on (322)1 and 1(011) at V=45V,
on (111) at V(=2 V, and on (011) 1 and 1 (017) at
Vé=45V.

The corresponding data are presented on the p-
channel layers on (100) and (011) in Figs. 14 and
15, respectively, for comparison. The result
is quite different from the n-channel data on the
same surface orientations. The p-channel data on
(100) are something like those on the surfaces which
show relatively low electron mobility. In contrast,
on (011) 11 (011), on which the highest hole mobility
is observed, the temperature dependence (#z=1.5
~1.0) is much like that on the (100) which shows
the highest electron mobility.

VI. DISCUSSION

The above data on the gate-field and temperature
dependences of u g are very complicated. The
carrier-scattering mechanism should depend upon
gate electric field, temperature, surface-state
density and its distribution, bulk-impurity concen-
tration, interface perfection, etc. Several scat-
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FIG. 12. Temperature dependences of the field-effect
mobility of electrons on the (111) plane.
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tering mechanisms have been studied so far: dif-
fuse scattering, scattering by charged interface im-
purities, phonons, dislocation, and surface rough-
ness. These theories were critically reviewed re-
cently by Stern.!® In order to elucidate what mech-
anism plays a main role for a given experimental
condition, one needs to calculate a current in each
subband via the given scattering process after
finding the number of carriers in each subband.

It may be necessary to consider the scattering to
upper subbands of the same valley (intersubband
scattering) and/or to other valleys (intervalley
scattering). No theory that takes account of all of
these effects has been available except Siggia and
Kwok’s general formulation!” for the case of im-
purity scattering. Stern and Howard® described

a practical treatment of screened-Coulomb poten-
tial scattering, They computed the mobility of car-
riers in the lowest subband using a self-consistent
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FIG. 14. Temperature dependences of the field-effect
mobility of holes on the (100) plane for several values of
| Ve=Vrl.

potential and compared this with the experimental
results of Fang and Fowler® at liquid-helium tem-
perature. These theories, however, are not di-
rectly applicable to the analysis of the present data
covering the high-temperature region. In what
follows we restrict ourselves to the investigation of
the data rather qualitatively in terms of lattice-
and Coulomb-scattering theories. The data on (111)
may be most adequate for analysis in terms of any
theory in the electric quantum limit, because most
of the induced carriers populate in the lowest sub-
band even at room temperature,

First we consider the data near room tempera-
ture. The experimental result—u pg< (Vo= Vz)1/?
with y close to 3.0 and ppg(111)x T-*—may be in-
terpreted by the two-dimensional lattice-scattering
theory. The mobility due to this scattering is ex-
pressed as!®1?

" _pci® e 1
HTEmIRT my; c(2m, F/h®> 7

i, j=1, 2 (8)
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FIG. 15. Temperature dependences of the field-effect

mobility of holes on the (011) plane with two current-
flow directions.
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where p is the density of silicon, ¢; the sound veloc-
ity of the longitudinal mode, ¢€; the deformation-
potential constant, m Il = (n ,,m,.)” ¢ (the density-of-
states mass), and ¢;=0.418, c,=0.291, ....
Kawaji'® has pointed out that the mobility on (100)

at room temperature, measured by Fang and Fow-
ler,% obeys the one-third power dependence on N

or F,, but the values of mobility calculated by Eq.
(8) using the deformation potential of the bulk are
much larger than the observed ones. Ezawa,
Kuroda, and Nakamura? made a study of scattering
by surface waves of the Rayleigh type, but it turned
out to be rather ineffective. We note that when the
mobility anisotropy is analyzed, possible anisot-
ropy of the deformation potential should be taken in-
to account.

The data at 77 °K cannot be interpreted even
qualitatively by existing theories. In the weak gate
field, Coulomb scattering by charged scatterers
which are most probably charged surface states
should play the most important role. The anisot-
ropy of the density and distribution in energy of
the surface states is one of the origins of the in-
terplanar anisotropy. The increase in the mobility
with N or F, up to a certain value is due to increased
screening and increased carrier energy, as Stern
and Howard® described in detail. The Coulomb
scattering, however, cannot reproduce the observed
decrease in the mobility in strong gate fields. The
temperature dependence at low temperatures is a
very complicated problem, because at low tempera-
tures several scattering mechanisms are competi-
tive.

Concerning the gate-field dependence, the mobili-
ty would be decreased with increasing F,, if the
scattering cross section is independent of the car-
rier velocity, as in classical rigid core scattering,
or is increased with increasing carrier velocity.

It will be an interesting problem to find a scattering
mechanism satisfying this requirement. The scat-
tering by surface roughness!® is thought to be im-
portant for the decrease in the mobility at strong
gate fields, but has not been explored enough to
compare with experiment. The interface roughness
may depend upon the surface orientation, and even
upon the crystalline direction on a plane. Even if
this is the case, different inter- and intraplanar
mobility anisotropies on z- and p-type inversion
layers cannot be explained, since the roughness is
not different on both type of transistors.

Finally we remark that any theory should explain
the mobility anisotropy of both » and p channels
which show completely contrary aspects. The ef-
fective-mass dependence of the mobility should be
My;<miy, with p20. Other important experimental

1959

results remaining unsolved are the second peak in
urg-Vs-F, curves and the negative field-effect mo-
bility at 77 °K.

VII. CONCLUSIONS

We have studied the mobility anisotropy of elec-
trons in the strongly inverted surface channel, and
made it clear that it is principally caused by the ef-
fective-mass anisotropy. The mobility anisotropy
at room temperature agrees well with the recipro-
cal-effective-mass anisotropy calculated in a self-
consistent scheme. The gate-field and temperature
dependences near room temperature, in particular
on (111), canbe explained by the longitudinal-phonon-
scattering theory, but the absolute value of the ob-
served mobility cannot be reproduced unless a lar-
ger deformation potential than that in the bulk is
assumed. It will be worthwhile to take account of
the anisotropy of the deformation potential.

At 77 °K the mobility anisotropy is more pro-
nounced. The increased intraplanar anisotropy is
partly interpreted again in terms of the increased
effective-mass anisotropy. On the other hand, the
interplanar mobility anisotropy is too large to be
accounted for in terms of the effective mass. This
points to the anisotropy of the relaxation time.
None of the known scattering theories, however,
is successful in elucidating this large mobility
anisotropy, even if the change in the effective mass
with gate field and temperature is fully included.
We have had several important experimental results
which remain unexplained. Of particular interest
are (i) the above-mentioned large interplanar mo-
bility anisotropy at 77 °K, (ii) the second peak in
the mobility profile against the gate field at 77 °X,
which appears on the limited surface orientations
showing relatively higher mobility, (iii) the nega-
tive field-effect mobility at a strong gate field and
at low temperature, and (iv) the complicated tem-
perature dependence of the mobility on some sur-
face orientations at a strong gate field and at low
temperatures.

The gate-field and temperature dependences of
the hole mobility have some different aspects from
those of the electron mobility. This may be pri-
marily due to the different dependence of the ef-
fective mass on the surface orientation.
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Past analyses of the kinetic equations governing thermally stimulated luminescence and con-
ductivity have invariably involved certain approximations; however, the validity of these
approximations has never been explicitly determined. In this paper we give a procedure for
determining the conditions under which the approximations are valid, and show that for a model
involving a single trap depth in the presence of other deep traps, and a single type of recombi-
nation center, the validity depends critically on N, the number of active traps. For N <101
cm-? the conventional approximations are inadequate, and the kinetic equations must be analyzed
exactly through numerical solutions. Although no such solutions have been reported in the
literature, we show that they are not only possible, but are in fact readily obtained for certain
parametric ranges. Examination of these exact solutions for small N reveals new features;
in particular, the dependence of the processes on the density of deep traps, or on initial filling
ratios of the active traps, is markedly different from the dependence at large N, where the
approximations do hold. This invalidates, for these low densities, many approaches to the
analysis of the phenomena which have been recommended on the basis of these approximations.
The procedures developed here have been applied to one specific model. However, they can be
readily generalized to the solutions of the equations for more complex and realistic models of

solids.

I. INTRODUCTION

Thermally stimulated luminescence (TSL) and
thermally stimulated conductivity (TSC) are phe-

nomena frequently investigated, mainly because of
experimental simplicity and deceptive ease of anal-
ysis purportedly yielding useful information on the
trapping parameters of solids. An early explana-



