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For an inverted semiconductor surface with a channel of minority carriers at the surface we show that, at
sufficiently low temperatures, the Fermi-level position at the surface differentiated with respect to the
number of minority carriers in the inversion layer has a characteristic minimum due to quantization of the
motion perpendicular to the surface of the charge carriers in the inversion layer. This minimum can be
experimentally determined by measuring the gate-bulk capacitance of a metal-oxide-semiconductor transistor
(MOST). Experiments with silicon #- and p-type inversion layers demonstrate the quantization in the
temperature range of about 25-75 K. Moreover, the effect of charged interface centers in the MOS system is
investigated. These charges cause a broadening of the quantized energy levels for the motion perpendicular

to the surface.

I. INTRODUCTION

The application of a sufficiently strong electric
field of the appropriate polarity normal to the sur-
face of a semiconductor causes the surface region
to become inverted. A channel of minority carriers
is formed, which is separated from the bulk by a
depletion layer. The minority carriers in the in-
version layer are bound to the surface in the poten-
tial well caused by the applied electric field. The
motion of these carriers perpendicular to the sur-
face must therefore be quantized, as Schrieffer
first indicated.! Each energy level for the motion
perpendicular to the surface brings about a two-
dimensional subband, as the motion parallel to the
surface of the charge carriers in the inversion
layer is free. The quantization problem has been
investigated by using the effective-mass approxima-
tion for the charge carriers in the inversion layer.
The interaction between the carriers has been taken
into account by determining a self-consistent solu-
tion of the coupled Schridinger and Poisson equa-
tions. Numerical as well as approximate analytical
solutions of the quantization problem have been
given,?™*

A number of experiments have been performed
at temperatures below 4. 2 K which demonstrated
very directly the quantization of the motion per-
pendicular to the surface for n-type inversion
layers of silicon and indium antimonide. *™® For
temperatures above 4.2 K up to room temperature,
there is a substantial amount of experimental work
pointing out the importance of quantization, 10~13
All these results, however, do not directly show
unequivocally the existence of quantized energy
levels for the motion perpendicular to the surface
in this temperature range.

It is the purpose of this paper to report new ex-
perimental results for z- and p-type inversion
layers at silicon surfaces which prove directly the
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quantization of the motion perpendicular to the sur-
face in a temperature range of about 25-75 K.

In Sec. II it is shown that at a sufficiently low tem-
perature the Fermi-level position at the surface
differentiated with respect to the inversion-layer
charge density shows a characteristic minimum as
a function of the charge density due to the quantiza-
tion of the motion perpendicular to the surface.

In Sec. III it is shown that this characteristic
function can be experimentally determined by mea-
suring the capacitance between gate and bulk con-
tact as a function of the applied dc bias on the gate
of a metal-oxide-semiconductor transistor (MOST).
For a number of samples the experimental results
are compared with the theoretical results.

The influence of localized charges in the semi-
conductor surface is investigated in Sec. IV, while
the paper is concluded with a discussion of the re-
sults in Sec. V.

II. THEORY

To formulate the equations for charge carriers
in an inversion layer with a quantized motion per-
; endicular to the surface, we shall only describe
the case of electrons in an inversion layer at the
surface of a p-type semiconductor. The equations
for holes in an inversion layer at the surface of an
n-type semiconductor are analogous.

The band bending for an n-type inversion layer
is sketched in Fig. 1. The energy of the conduc-
tion band edge E, is given as a function of the dis-
tance z from the surface and normal to the surface
of the semiconductor. E, is supposed to be in-
dependent of the coordinates parallel to the sur-
face. The local potential variations owing to the
presence of fixed charges in the surface are there-
fore neglected.

For the description of the motion of the electrons
we shall use the effective-mass approximation.
Moreover, we suppose that the temperature is
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FIG. 1. Band bending at the surface of a p-type
semiconductor with an »n-type inversion layer.

sufficiently low and the field strength at the sur-
face is sufficiently high as to be in the electric
quantum limit, where only the lowest-energy level
for the motion perpendicular to the surface is oc-
cupied.? For a multivalley conduction band we
have then only to consider those valleys with the
highest value of m,, the effective mass perpendic-
ular to the surface, since these valleys give the
lowest-energy levels. For a silicon (100) n-type
inversion layer these are the two valleys with e,
=0.98m,; for a p-type silicon inversion layer only
the heavy holes with m, =0, 5m, are considered.
The lowest-energy level E; for the motion per-
pendicular to the surface with the corresponding
normalized wave function \Ilo(z) and the potential
V(z) is determined by the coupled Schrddinger

and Poisson equations.? The total number N, of
electrons per unit square in the inversion layer
on the energy level E, is given by

n,mykT Ep-E,
N0=—?Fﬁié———1n(1+exp _%f_g__) , (1)

where m, is the density-of-states mass for the
motion parallel to the surface for the », equiva-
lent valleys of the conduction band with the highest
value of m,.

By making use of the so-called depletion-layer
approximation, the integration of the Poisson
equation yields:

V()= - Dz - 122+ L No
€S Es
w
XJ’ (z'-2)| ¥z )|2dz" , ()
z
with a depletion-layer width w given by
1 /2¢, \1 /2
w= q(Na (EF"" Wb)) . (3)

The energy difference W, between the conduction-
band edge E, and the Fermi level Ep in the bulk
of the semiconductor is determined by the dopant
concentration and the temperature.

The zero level of the potential is suitably chosen
for our purposes to be such that if the electron con-
centration in the Poisson equation were neglected
the potential at the surface would be equal to zero
(Fig. 1). The first term in Eq. (2) is zero at
2z=0. The position of the Fermi level E is mea-
sured with respect to this zero level.

A self-consistent solution of the equations for a
quantized inversion layer can be obtained.* We
have shown elsewhere, ** that with the introduction
of dimensionless quantities a general solution of
the electric quantum limit problem can be given.
Here we only need the dependence of the energy
level E; on the total number of electrons Ny in the
inversion layer. We introduce a dimensionless
energy level ¢, and Fermi level € by

( m )1/3 m )1/3
Eo—Eo;Iz;{z;-r ) EF_EF<W;_2—

I
4)
where F is the electric-field strength at the sur-
face owing to the ionized impurities N, only:

J L (5)
€s

In practice F can be considered to be a constant,
independent of N, since the depletion-layer width
w is practically constant for an inverted silicon
surface. The total electron concentration per unit
square, N, is normalized to the total number of
acceptors in the depletion layer:

= N _aNy
Y Nw T &F (®)

With a variational calculus!* we find for the nor-

malized energy level ¢,, measured with respect

to the zero level illustrated in Fig. 1, the following
dependence on the normalized inversion-layer
charge density a:

3\5/s 1 —332'0!
€ =<§) 1+ o)t/ - (7)

By writing E, as a function of E; and N, through
inversion of Eq. (1) and by differentiating the
normalized Fermi level € with respect to the
normalized inversion layer charge @, we obtain

_‘E}: =< m F)l/3 S.s_ d_E_E
da qn q
(8)
The dimensionless parameter ¥ and the normal-
ized temperature g8 are given by
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In Fig. 2 some results for (dey/da)+ v which
follow from Eq. (7) and de z/da for a number of
different temperatures are given for practical val-
ues of B and v which are indicated in the figure.
We see that for a sufficiently low temperature a
characteristic minimum in the deg/da curve oc-
curs which is a direct consequence of the quantiza-
tion of the motion perpendicular to the surface.
The dashed curve in Fig. 2 represents the result
of a conventional continuum calculation of dey/da.
For this calculation we used the same parameters
as above, but neglected the quantization in the in-
version layer. We see that the minimum in the
curve then disappears.

III. EXPERIMENTAL METHOD AND RESULTS OF
MEASUREMENTS

The experiments were performed with common
metal-oxide-semiconductor transistors (MOST’s).
A schematical cross section of such a device with
an n-type inversion channel is given in Fig. 3.

The diffused n* regions (source and drain) are used
for making electrical contact with the inversion
layer, which exists at the surface if a sufficiently
high positive gate voltage V, is applied to the gate
metal which just overlaps the source and drain

?
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FIG. 2. Calculated curves of the normalized deriva-

tives of the lowest energy level ¢, and the Fermi level

€r with respect to the normalized inversion layer charge
o as a function of ¢ at different temperatures. The
dashed curve gives the result of a conventional continuum
calculation, for which the quantization in the inversion
layer was neglected.

@ inv. /ayer o) |
lbu/k
Cgb
g \ l gb /
s,d

FIG. 3. Cross section of an n-channel MOST with the
corresponding equivalent circuit.
regions. For our experiments the source and

drain contacts are connected together. Our actual
devices had a circular geometry. The channel
length, the distance from source to drain diffu-
sions, was 22 um, and the total inversion layer
area was 2.33 X10® m2, The devices were made
with standard silicon metal-oxide-semiconductor
(MOS) technology, and the thickness of the ther-
mally grown oxide was 1200 A.

If an inversion layer exists, the device can be
represented by the equivalent circuit also given
in Fig. 3. All resistance elements, like the in-
version-layer resistance and the bulk resistance,
are neglected. We shall see later on in this sec-
tion that this is allowed for the measurements.
C,, is the total oxide capacitance between the gate
metal and the underlying source, drain, and in-
version-layer regions. C, is the total depletion-
layer capacitance between the bulk of the semi-
conductor and the source, drain, and inversion-
layer regions. The capacitance C,, is very small,
since the inversion layer forms a shield between
the metal gate and the bulk of the semiconductor.
A small change dV, in the gate voltage with respect
to the source, drain, and bulk contacts causes a
small change in the inversion-layer charge density
dN, and a small change in the depletion-layer

‘width dw. A change in the depletion-layer width

means that a certain amount of charge d@, flows
through the bulk contact. For the capacitance C,,
it is found that if the surface area of the inversion



layer is S,

aQ, _ dw dw dEp dN,
Cor= ﬁ: —qNaS‘d‘f,: =aN.S 7 TNi ZI*V—:*

(10)
qdNy/dV, is practically equal to the oxide capaci-
tance per unit square, €./d,, as the depletion-
layer charge is almost independent of the gate
voltage for an inverted silicon surface. With the
use of Eq. (3), we obtain

_€x€sS  dEp . 1
Cgb doquz dNo (1)

We see that the capacitance C,, is proportional to
the quantity dEz/dN,, which, as shown in Sec. II,
has a characteristic minimum as a function of N
due to the quantization in the inversion layer .

Our measurements consist of determining the
voltage-transfer ratio from gate to bulk. This
ratio is equal to the ratio of C,, to the much larger
value of C;, which is for our devices typically 40
pF. A small-signal ac voltage of 100 mV at a
frequency of 20 kHz is applied to the gate contact.
The in-phase component of the resulting ac volt-
age on the bulk contact is measured with a lock-in
amplifier. By varying the dc gate voltage V,, the
output of the lock-in amplifier is recorded on an
x-y recorder as a function of V,.

For the measuring frequency the approximation
of neglecting the resistance elements is allowed.
For the n-channel device reported in Fig. 4(a)
we have, for instance, for ¢ =1, which corresponds
to Np=3.75%10% m?, a source-drain resistance
R =340 Q giving a wRC,, product of 3x 10, and
the neglection of the resistance in the R-C trans-
mission line between gate- and source-bulk con-
tacts is allowed. The bulk resistance can be ne-
glected because of the muchhigher input impedance
of the lock-in amplifier. We have also experi-
mentally checked this point by varying the mea-
suring frequency from 1 to 500 kHz without finding
any influence on the recorded curves.

As there is a parasitic header capacitance of
about 0.2 pF between the gate and bulk contact
which is larger than the internal capacitance
value C,, (0.001-0.01 pF for our devices), this
header capacitance has to be compensated for, and
we can only determine the variations in C,, and not
its absolute value. From the measured variations
in C,, we determine the variations in dez/da; the
proportionality factor is obtained by combining
Egs. (8) and (11). As a typical example, the device
reported in Fig. 4(a) has the following numerical
relation: C,,=0.07pF (dez/da). The dimensionless
inversion-layer charge a is related to the applied
voltage V, by

- 4N ——Sx (V.-
€F e Fd, ° w (12)
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(a) (100) n-channel
02 \ Ny=1.5x10"%m"?
W=0
d&r | measured
da - -~-— calculated

(b) (190) p=c
0.12} \ Ng=12x10%m7
dée | \\ Ww=0
i \ \\ measured
[ --——calculated

—
(<)
&

I

-0.04

~0.08

FIG. 4. Measured and calculated curves of dex/da
as a function of o at different temperatures, and with a
bulk bias V,=0: (a) for n-channel sample with (100)
orientation; (b) for a p-channel sample with (100) orien-
tation.

where V., is the so-called threshold voltage of the
MOST. Again we have made the approximation of
a constant depletion-layer width with varying V,
for an inverted silicon surface.

In this way we performed measurements for a
number of n- and p-channel MOST’s, for which all
parameters, such as dopant concentration in the
bulk, threshold voltage, and oxide thickness, were
determined separately. In Figs. 4(a) and 4(b) the
results for an z-channel and p-channel silicon
sample with a (100) surface orientation are given
for different temperatures. The recorded curves
of the ac bulk voltage as a function of the dc gate
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voltage are multiplied with the appropriate scaling
factors to obtain der/da as a function of @. The
vertical position of the measured curves is
matched, as only the variations in C,, can be mea-
sured.

As known the depletion-layer width w and the
field strength F may be varied by applying a dc
bulk voltage V, between the bulk and source-drain
contact of the MOST. The effect of the bulk bias
V, on the de z/da curve as found by measurements
and calculations, is given for the same samples in
Figs. 5(a) and 5(b) for a temperature of 7=38 K.

The same measurements were also done with
p-channel silicon samples with a (110)- and (111)-
surface orientation. The results of a measure-
ment for three samples with a different surface
orientation at 7=38 K are given in Fig. 6. The

O.1
(100) n-channel
dér Na=1.5x10%m?
do Ir'=38 K
? measured
0.05 W\b=TUY - e calculated
0 | | [ |
4 — O
-0.05—
(b) (100) p-channel
0.08- Ny=1.2x10%’m™
dér T=38 K
da | ‘\ measured
T \\ --—-~ calculated
0.04f— \
\\
-
\
(0]
—0.04—
-0.08

FIG. 5. Measured and calculated curves of dep/da as
a function of o at 7=38 K and with different applied bulk
biases V,: (a) for an n-channel sample with (100) orien-
tation; (b) for a p-channel sample with (100) orientation.

7
0.0 p-channel
' Ne=1.2x10%m®

ﬁ | T=38 K

da W=0

T 0.04f

0
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FIG. 6. Measured curves of dex/da as a function of
o at T=38 K and with V=0 for p-channel samples with
a different surface orientation.

only difference between these samples is the sur-
face orientation. They are cut from the same
silicon bar and made under the same technological
circumstances. We see a flattened minimum in
the der/da curves for the (110)- and (111)-surface
oriented samples. This cannot be explained by a
difference in effective mass values for the differ-
ent surface orientations, as the effective mass

is isotropic for holes in first approximation. A
possible reason for the difference may be due to
the charged centers in the interface for which the
density is known to be larger for an oxidized sili-
con surface of (110) and (111) orientation com-
pared with a (100)-oriented surface,®1® On the
grounds of differences in the threshold voltage,
our (110) and (111) samples have a number of
charged interface centers per unit square of
6.5x10% and 7. 5% 10 m? respectively, com-
pared with 2x10% m-? of the (100)-oriented sample.
In Sec. IV the effect of these charged interface
centers on the measurements shall be investigated
further.

IV. EFFECT OF CHARGED INTERFACE CENTERS

To investigate whether interface charges cause
a flattening of the minimum in the dey/da curve,
we performed the following experiment: a p-chan-
nel sample with a (100)-surface orientation was
first measured at 38 K. After this measurement
the sample was exposed to x rays from an x-ray
tube with a tungsten anode and with an anode volt-
age of 150 kV. The intensity of the irradiation
was 10* R/min. After a given exposure time the
sample was again measured, under the same ex-
perimental circumstances as before irradiation.
In Fig. 7 the resulting measured curves are given
with the exposure time as a parameter. The den-
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FIG. 7. Measured curves of dex/da as a function of
a at T=38 K and with V=0 for a p-channel (100) oriented
sample after different times of x-ray irradiation.

sity of extra-charged interface centers caused by
the x-ray irradiation’” was determined by the
change in the threshold voltage. For an expo-
sure time of 0, 30, 90, and 600 sec we found val-
ues of 2x10%, 5,5%x10'% 8.5x%10%, and 1.7x10®
m-2 interface charges, respectively. We observe
that the increase in density of interface charges
indeed causes a strong flattening of the minimum
in the measured dey/da curves. The density of
extra charged interface centers in this experiment,
which causes the flattening in the minimum, is of
the same order as the extra density of interface
charges of the (110) and (111)-oriented samples.
compared with the (100)-oriented sample of Sec.
IIIF. This experiment therefore gives a strong
indication that the different results for the (110)-
and (111)-oriented samples can be explained by
the higher density of charged interface centers.

A theoretical calculation of the effect of fixed
interface charges on the quantized inversion layer
is very difficult. A charged center at the surface
causes a local variation in the potential both per-
pendicular and parallel to the surface, and the
Schrédinger equation can no longer be separated
in a free motion parallel to the surface and a
quantized motion perpendicular to the surface.

The problem is further complicated by the screen-
ing of a charged center by a redistribution of the
free carriers in the inversion layer. Several ap-
proximate solutions of this problem are given, %3

A random distribution of fixed charges results in
in the energy level E; for the motion perpendicular
to the surface being no longer a distinct level but
becoming a broadened level. Instead of calculat-
ing this effect, we introduce an ad hoc density of
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states with a broadened energy level by

D(E) =

in which E; is a measure for the broadening of
the energy level E,. For E -~ 0 we reach the
situation with a distinct energy level E,. The to-
tal inversion-layer charge density for the electric
quantum limit is now given by

_(° D(E)
No—f.w 1+exp (E - Ez)/kT dE . (14)

(13)

1+ exp(Eo E)/E, °

Supposing that the energy level E, depends in the
same way on N, as in the case of a sharp level
[Eq. (7)], we now straightforwardly calculate the
deF/da curve for different values of E;,. We have
performed these calculations numerically for a
silicon p-type inversion layer with (100)-surface
orientation and the results are given in Fig. 8.
With a spreading parameter value of E; of about
5 meV, the difference in behavior can be explained
between the (110), (111), and the x-ray-irradiated
(100) samples on the one hand and the (100) orient-
ed sample without an x-ray exposure on the other.
This value of 5 meV is quite reasonable. The
calculations of Stern and Howard? for an n-type
inversion layer and one positive elementary charge
at the surface show the existence of a bound state
of about 4 meV below E,, if the effect of screening
is taken into account. Owing to the interaction be-
tween the neighboring charged centers and owing
to the spread in the distance of these centers from
the oxide-semiconductor interface, we have a

0.12,
(100) p-channe/
dée | N= 1.2x10%m3
da T=38 K
To.oa—
Eg=11meV
0.04—
-
0 !
—0.04 OmeV D?(E) "[_'__j:
B Eo —»-F
FIG. 8. Calculated curves of dex/da as a function of

a for a broadened lowest-energy level Ey; the broaden-
ing is characterized by the parameter E;.
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spread in possible energies around E; of the order
of 4 meV. This also agrees with infrared mea-
surements of Wheeler and Ralston® who find a

width of the energy levels for the motion perpendic-
ular to the surface of about 3 meV for their sam-
ples.

We therefore conclude that the spread of 5 meV
which we need to explain the measurements for
(110)-, (111)-, and (100)-oriented samples after
x-ray irradiation agrees with the spread in energy
which is expected on the grounds of theoretical and
experimental results obtained earlier .

V. DISCUSSION

For all the samples with a (100)-surface orienta-
tion and with p- or n-type inversion layers, we
have found a qualitative agreement between mea-
surements and calculations for the Fermi-level
position at the surface differentiated with respect
to the inversion-layer charge density. A charac-
teristic minimum in this quantity as a function of
the inversion-layer charge density occurs in a
temperature range of about 25-75 K. At higher
temperatures the minimum disappears due to ther-
mal broadening. At lower temperatures the mea-
surement is no longer possible because of the
freezing out of the majority carriers in the bulk of
the semiconductor.

The much flatter minimum in the curves mea-
sured for the (110)- and (111)-oriented p-channel
samples can be ascribed to the higher density of
interface charges for these samples, compared
with the (100)-oriented samples. This is experi-
mentally demonstrated by introducing extra charged
surface centers in (100)-oriented samples with
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x-ray irradiation. A broadening of the energy
level E; for the motion perpendicular to the sur-
face explains the flattening of the minimum in
the measured curves.

Although there is a rather good qualitative
agreement, some systematic deviations between
experimental and calculated curves still exist,
For instance, we see that the measured curves
show a sharper minimum than the calculated
curves. This may be due to the simplifying as-
sumptions which are made for the calculations.

(i) We have used the effective mass approxima-
tion to describe the motion perpendicular to the
surface. This is questionable? in view of the very
small thickness of the inversion layer, which is
of the order of 100 fk, and of the strong electric
field perpendicular to the surface in the inversion
layer.

(ii) The interaction between the carriers in the
inversion layer is approximated by taking into
account the average space-charge density of the
carriers for the solution of the Poisson equation,
as is done in the Hartree approximation for the
solution of the wave functions for atoms. Alferieff
and Duke!® have indicated that the density of states
may be more discontinuous than we find with our
approximation, and this may contribute to the
sharper minimum in the measured curves.

To conclude we remark that clear evidence of
surface quantization in inversion layers existed
at temperatures below 4.2 K. On the other hand,
at higher temperatures previous experimental
evidence was not as unequivocal. This paper,
however, presents new and direct evidence for
the quantization in p- and n-type silicon inversion
layers in a temperature range of about 25-75 K.
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