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Peak mobilities in low-symmetry silicon inversion layers
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We have measured the magnitude and corresponding surface carrier density of the 4.2-K peak
mobilities of silicon inversion layers tilted 0° to 43° from the (001) plane by a rotation around the
[110] direction. Comparison between experiments and our calculations of mobility for anisotropic
inversion layers gives strong evidence for anisotropy of scattering potentials.

The peak mobility of inversion-layer electrons at low
(4.2 K) temperatures is commonly used to characterize
the quality of a silicon metal-oxide-semiconductor field-
effect transistor (MOSFET) sample, as its magnitude u,
and corresponding surface carrier concentration n, de-
pend on the amount of competitive scattering by ionic
charges in the oxide near the Si-SiO, interface, which de-
creases with electron Fermi wave vector, and scattering
by roughness in that interface, which increases with k.
A universal behavior was observed by Cham and Stern!
to hold for these quantities in Si(001) inversion layers:
they have shown that available experimental data obeyed
an empirical relation of the form

Ky =,u.0[n‘,,/(1012 cm™2)]"@ (1)

with @=1.6 and py=1.2X 10* cm?> V1571,

Such a behavior is represented in Fig. 1 by a dotted-
dashed straight line in the log-log plot of u versus n; the
dispersion in the experimental data collected by Cham
and Stern would be equivalent to (Alogguq/10800)
~+5%.

In this Brief Report, we show that this behavior is
quantitatively explained by simple linear-scattering
theory, and then analyze experimental data we have ob-
tained for the u,(n,) dependence of inversion layers with
orientation different from (001). By comparing these re-
sults with a calculation that takes into account the intrin-
sic Fermi-surface anisotropy in these samples, we show
that the data are not explained by this intrinsic anisotro-
py alone, but rather reflect a systematic dependence of
the material parameters (surface roughness and impurity
concentration) on the interface orientation.

Calculations by Gold,? including multiple-scattering
effects, have given good agreement with the experimental
u(ng) dependence in the full range of density, and provid-
ed an excellent fit to the experimental data on the p,(n,)
dependence in (001) samples (dashed straight line in Fig.
1). The inclusion of multiple-scattering effects is crucial
for obtaining the correct shape of the u(n;) curve, espe-
cially at low n,, where the localization effects are most
evident. For the densities n, corresponding to the peak
mobilities, however, linear-scattering theory is sufficient
to account for the relation expressed by Eq. (1). In Fig. 1
we show the results of a calculation of u(n;) by the sim-
ple linear-scattering theory, as described by Matsumoto
and Uemura,’ and by Ando.* In this approximation the
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inverse mobilities limited by charged impurities in the ox-
ide (characterized by a surface density N,,) and by the
Si-SiO, interface roughness (characterized by a rms fluc-
tuation A with correlation length A) are additive, and the
figure illustrates the effect of the change of parameters
N, A, and A.

The solid straight line shows the dependence of u, on
n,, for the same parameters Nd=3.6>§10” cm ™% and
A=15A as in Ref. 2, but with A=4.3 A, a value closer
to the ones which come out from full N; range fittings of
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FIG. 1. Dotted curves: Si(001) mobilities limited by charged
impurities located in the Si-SiO, interface, for several values of
N,, (expressed in units of 10> cm?) and limited by surface
roughness, for several values of rms fluctuation A., of the inter-
face, with correlation length A (A=15 A=30 A, A=4.3 A,
A'=3.0 A). Solid curves: resulting mobilities at zero tempera-
ture, for A=15 A and A=4.3 A. Solid straight line: corre-
sponding u,(n,) relation. Dotted-dashed line: u,(n,) reported
by Cham and Stern (Ref. 1). Dashed line: p,(n,) calculated by

-Gold (Ref. 2).
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mobility by linear-scattering theory.> - N, is the
depletion-layer surface charge density. The solid straight
line in Fig. 1 fits the empirical relation of Eq. (1) with
a=1.90 and py=1.95X10* cm?V~!s™!. The peak
mobilities are, as in Gold’s theory, predicted to depend
on N, as

ﬂp(001)=(1.69><103 cm?V~lsT)
X (N, /102 cm™2)70-80 | (2a)
n,(001)=(3.63X10"? cm™?)(N,, /10" cm™%)*4
(2b)

The exponents are essentially those reported in Ref. 2
(—0.79 and 0.43, respectively), but the simple theory
overestimates p, and underestimates n, (Ref. 2 gives
p,=1.25X10> cm®*V~'s™! and n,=4.8X10"2 cm~? for
N, =10'2 cm™?), by not taking localization into account.
According to our calculation, when n, is kept fixed at
3.6X10"" cm™? u,(001) varies approximately as
A72A7? while a depends basically on A, with a slight in-
crease as A increases. We have also established, within
the simple model, that N, (and thus substrate doping for
no applied substrate bias) is quite determinant of the
theoretical results: the empirical relation of Eq. (1) is
predicted only for depletion charge densities of a few
times 10'! cm™2. The exponents a, as well as p, are de-
creasing functions of N;. However, as N, approaches ei-
ther 10'! or 10'2 cm ™2, deviations from the straight-line
behavior are predicted, as shown in Fig. 2.

The conclusion can be drawn that, from a theoretical
viewpoint, the basic reason for the behavior noted by
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FIG. 2. Dependence on depletion charge density N; of
presently calculated p,(n,) for Si(001). Equation (1) is satisfied
only for N, in the neighborhood of 0.4X 10'2 cm™2. Both N,
and N, are expressed in units of 10'> cm™2.
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Cham and Stern is the similarity of the parameters A -and
A which characterize the samples of different origins.

We have investigated the 4.2-K electron peak mobili-
ties in Si(//n) inversion layers, obtained by rotating from
the (001) plane by an angle 8 around [110]. We have
used a set of samples spanning the range 0°<6<43°,
namely (001), 6=0°; (118), 6=10% (114), 6=19.5° (113),
0=25.2°% (112), 6=35.2°% (223), 6=43.3°. For each
direction there were samples which allowed either for
conductance measurement parallel or perpendicular to
the rotation axis [110]. The samples were made by the
Toshiba Co., and are described in a paper by Sato et al.,>
who investigated anisotropic transport at T =77 K.

Our experimental results for peak mobilities are shown
in Fig. 3 and compared to the behavior observed for
Si(001). Present results for current along [170] do not
fall very far out the limits of dispersion for Si(001), al-
though 11,(6>0°) tend to get lower as 6 increases. On
the other hand, pu,’s for current perpendicular to [170]
clearly deviate more from the general Si(001) trend, the
higher the tilt angle, with both u, and n, becoming lower
than those corresponding to current parallel to the rota-
tion axis. Although a small number of samples were
available, the fact that the points (,up,np) tend to form
clusters or lines well resolved in 0, and whose position
moves motonically out from the (001) band in Fig. 3 as 0
increases, is a clear indication that the tilted samples
must be modeled by a mobility calculation that takes into
account at least their intrinsic Fermi-surface anisotropy.

Based on the conclusions stated previously, we restrict
ourselves to linear-scattering theory. The Boltzmann
equation for the out-of-equilibrium distribution function

fi(k)is
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FIG. 3. Present experimental results for Si(//n) inversion lay-
ers at 4.2 K. The open symbols refer to channel current in the
[110] direction, the solid ones to current perpendicular to
[110]. Dotted lines are the dispersion limits of experimental
data collected in Ref. 1 for Si(001).
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eE-v(k)[df(e(k))/de(k)]
=2 /#) VL (k—k)[f(k)—f(k")]
k,

X 6(e(k)—e(k’)), (3)

where V2,(q) is the averaged squared matrix element of
the screened scattering potential, given by the sum of a
contribution from ionized impurities in the Si-SiO, inter-
face, Vﬁx’sc(q), proportional to N, and another contri-
bution from the interface roughness, Vgr,sc(q), propor-
tional to A2AZexp(—A2g2). The complete expressions
used for Vﬁx’sc(q) and Vfr,sc(q) can be found, for in-
stance, in Ref. 4.

For the surfaces studied, denoting the two-dimensional
wave-vector components parallel and perpendicular to
[1710] by k, and k, respectively, the constant-energy sur-
faces in the independent-valley approximation are given

by
)
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a=x~:(k)=1’12kﬁ/2m"—i—fizkf/Zml , 4)

and the velocities by

v(k)=1‘i"1d£(k)/dk=ﬁl(”/m"+fikl/ml . (5)
Using the transformation

ki=(m,/m )" *gl=agl=ag?cos’p , (6a)

ki=(m /m)'\gl=a"'g?=a"'g?sin’ , (6b)

q=k—k'=q(g,g',¢,¢') , (6¢c)

the constant-energy surface are mapped into circles
e=¢g, =#g*/2my, my=(mm))"*. )]

Choosing the field along the parallel direction, Eq. (3) be-
comes

eEfim | ' alg cosg[df o(e,)/3e, 1=(2m /AN (2m) ™! [ 7dg’ Vilalg,8,6,9)]Lf1(88)—F1(£:6")] , (8)

where N, =m, /2m#* is the single-valley density of states
per spin direction. Writing

W(g,¢,¢')=(2m /%N, V[a(g.g,6,¢')] 9
and
f1(g,¢)=eEfim ' a'’g[df(e;) /e, 1F (g,9) , (10)
we obtain

cos¢=(21r)*1f02”d¢' W(g,6,¢")[Flg,d)—F(g,¢)] .
(1)

The solution to Eq. (11) can be obtained as a Fourier
expansion,

Flg.¢)= élF,,(g)cos(ndJ), , (12)
giving

By 1= ilen(g)F,,(g), m=1,2,3,... (13)
with

Won(@)=2r)"" [dg [ g Wig,4,4") cosim)
X[cos(n¢)=cos(ng’)] .
(14)

The current in the parallel direction, taking into ac-
count a factor of 4 for spin and valley degeneracy, is

Jy=—de S100¥;(k)
=4e3 f1(g,¢)a'/*(#ig /m)cosd (15)
g

and, substituting Eq. (10) into Eq. (15), we finally get

|
o =jE"

=(e™N, /my) [ “de,[—8fo(e,) /Be,Je Fi(g)  (16)
and
U.'(T"_‘O):nseﬂn(T:O), ,lI/”(T:O):eFl(gF)/m“ .
(17)

Successive approximations for F,(g) can be obtained
by truncating the system of Eq. (13) to an increasing
number of M equations, M =1,2,3,... . We have found,
by direct numerical computation up to M =3, for all sur-
faces, that the lowest-order (M =1) approximation gives
results accurate to 5%. We have therefore used the ap-
proximation

p(T=0)=er/(gp)/m, (18)
with
7y 8F)=Wyi(gp)
=) [Tdg [Td4 W (gr,4,4')
Xcosg(cosp—cosp’)  (19)
and
pw(T=0)=er(gp)/m, (20

with 7,(gr) obtained by substitution of cosd,cos¢’ by
sing,sin¢g’ in Eq. (19).

Based on this approximation, we have extracted the
peak mobility and densities for both directions, for each
surface. The theoretical predictions are displayed in Fig.
4 for several values of N, A, and A.

The first noticeable fact is that, keeping the material
parameters N ., A, A, and N, fixed, the mobilities in the
perpendicular direction decrease with an increase in 6,
while in the parallel direction they increase with 6. Qual-
itatively, this is caused by the strong screening in inver-
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FIG. 4. Calculated peak mobilities for some (lIn) silicon sur-
faces tilted from (001) by 0°<6<43.3°. The symbols are the
same used in Fig. 3, and A, A’, A, and A’ have the same values
as in Fig. 1. Values for N,, are in units of 10'2 cm™2.

7~(Thomas-Fermi wave vector)? X (density
of states) !~mimg'~my, and thus p,/pey~my/
m>1, and p,/poo~my/m;<1. Of course, only the
full calculation gives the n; dependence of these ratios.

The dependence on the material parameters of the rela-
tions between p,, ny, and N, remains the same for all
surfaces studied, within the accuracy of the approxima-
tion: the exponents in Egs. (2a) and (2b) relating u, and
n, to n,, are approximately the same and, for fixed Ny
and Nox» 14, varies approximately linearly with A™ 272,
with a depending basically on A, reflecting the depen-
dence of the surface roughness-limited mobility on these
parameters.

Thus, by the qualitative comparison of the experimen-
tal data of Fig. 3 with the theoretical results in Fig. 4, we
conclude the following.

(i) The density of Coulomb scatterers in the SiO,, near
or at the interface, increases with tilt 8 from (001) in real

sion layers:
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samples: the peak mobilities displayed in Fig. 3 show a
clear trend to monotonically decrease with tilt angle,
while calculation for a fixed N, actually predicts the op-
posite behavior for current along the rotation axis [110]
and just a slight decrease of u, with 6 for current perpen-
dicular to [110] it is well known,® for instance, that un-
der same oxidation conditons the density of fixed charges
in the oxide depend on substrate orientation, increasing
from Si(001) to Si(111).

(ii) Experimental data for n, decrease faster with 6
than expected from theory, mainly for current direction
perpendicular to [110], that is, slightly higher A, A, or
both, would also have to be associated to higher tilt an-
gles in order to fit the results; microscopic inspection on
Si-Si0, interfaces’ tend to support this result.

A straightforward way to confirm and quantify trends
(i) and (ii) above is to study tilted samples in which the
effective N, is controlled by driving the ionic sodium
closer to or farther from, the interface.® Different in-
clinations a on log-log plots of u,(n,) for samples in
different directions 6 would measure the variation of A
and 0, while a changing u, would measure the variation
of A.

Another possibility is to look for such systematic inter-
planar anisotropies through full n; range fittings of u(n,).
The linear-scattering theory does not, however, provide a
satisfactory fit, as it does not account for localization
effects at low n,, nor for minigap effects’ in tilted sur-
faces. For (118), for example, minigap structures in the
mobility occur close to peak mobility concentration, be-
ing responsible for the slight deviation, observed in Fig.
3, from the monotonic decrease of p, with 6. For sur-
faces of higher tilt, however, these anomalies do not
hinder an overall u(n,) fitting, because the structures are
quite smooth and centered near or beyond the limit of at-
tainable concentration.!® Preliminary fittings through
linear-scattering theory for the high range of concentra-
tion have pointed to a systematic behavior of A and A
with tilt: the adjusted values of A increased motonically
from about 10 A for Si(001) to 25-30 A for Si(223), while
A changed from 3—4 A for Si(001) to 5 A for Si(223). The
confirmation of these trends requires the extension of
multiple-scattering theory to anisotropic systems. Such
calculations are in progress.

The samples were kindly provided by Y. Takeishi and
H. Maeda, and we would like to acknowledge useful dis-
cussions with P. J. Stiles.
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