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Effective-mass change of electrons in Si inversion layers under parallel magnetic fields
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Using electron tunneling, the ground-subband wave function in a quantized electron surface layer
on Si(001) is investigated under parallel magnetic fields up to B=15 T. A change of the effective
mass of the surface electrons has been determined from the change of the energy difference Er—E,
as a function of B, where the transfer of electrons populating the low-energy tail of the 0’ subband
has been taken into account. The result is an increase of the effective mass proportional to B? in ac-
cordance with the prediction of second-order perturbation theory. The contribution of the ground
subband to the tunneling conductance is shown to vary approximately by the same amount as the
two-dimensional density of states. From the effective-mass change we obtain the spread of the wave
function perpendicular to the interface. For low depletion fields the dependence of the spread on de-
pletion charge density is reasonably described by the Fang-Howard variational wave function; at
high depletion fields the experimentally determined spread is considerably lower.

I. INTRODUCTION

In a quasi-two-dimensional (quasi-2D) electron layer at
the semiconductor insulator interface, a tangential mag-
netic field deforms the quantized wave functions perpen-
dicular to the surface. This deformation modifies the
dispersion relation of the surface subbands. At low mag-
netic fields, i.e., when the radius of the possible cyclotron
motion is larger than the spread of the wave function, the
influence of the magnetic field can be treated perturba-
tionally. To first order, the result is a rise in the subband
energy E, (diamagnetic shift) and a displacement of the
E (k) parabola in the 2D k plane perpendicular to the
magnetic field direction [Fig. 1(a)], as given by’
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where B=(0,B,0) and ({z?)—{(z)?!/? is the spread of
the wave function perpendicular to the interface at B =0.
A second-order calculation yields the increase of the effec-
tive mass for the motion perpendicular to the magnetic
field [Fig. 1(a)], which is equivalent to an increase of the
2D density of states.>”* For electrons populating the
IO\ZNeSt subband the effective-mass change can be written
as
— 2p2
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with an energy separation E,g=FE,—E, between the
lowest and the first excited subband.

On Si(001) surfaces, the spread of the ground-state
wave function is so small that usual magnetic fields up to
B =15 T represent the low-field limit. However, the wid-
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FIG. 1. (a) A parallel magnetic field B, causes a rise in ener-
gy of the E(k,, k,=0) parabola and a displacement along k,
(dashed curve), and reduces the curvature (solid curve). (b) En-
ergy changes in the electron inversion layer as a function of
square of magnetic field B. The diamagnetic shifts and the
reduction of Er—E, are exaggerated for clarity. The energy
origin is at the bottom of the surface potential well.
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er extended wave functions of higher subbands in, particu-
larly, accumulation layers on Si (Ref. 5) or of subbands on
semiconductors with small effective masses,* are severely
distorted by the magnetic field leading to mixed electric-
magnetic surface levels.® In multisubband layers these hy-
brid subbands must be calculated self-consistently, be-
cause the surface potential is magnetic field dependent
due to redistribution of the carriers among the occupied
subbands.’

Experimental investigations of magnetic-field-induced
energy changes in 2D electron layers have been performed
by means of infrared spectroscopy,®~!>* magnetotrans-
port'*~227 and electron tunneling.?>?* Intersubband reso-
nance energies, which have been calculated for the case of
parallel® and tilted fields,?® are known to give no data on
the diamagnetic correction of one subband alone.® In
multisubband electron surface layers both the diamagnetic
effect and the density-of-state increase are involved in the
observed magneto-conductance oscillations'® and cannot
be determined separately. Therefore the reduction in the
number of occupied subbands with increasing magnetic
fields has been discussed in terms of the diamagnetic rise
of the subband minima neglecting the density-of-states
change!” or vice versa. Other transport studies in tilted
magnetic fields, where only the diamagnetic effect has
been included quantitatively,?! may also be suspected to
give incorrect results. However, tunneling spectroscopy is
a unique method, which directly gives the energies of the
subband minima and their shift caused by a parallel mag-
netic field.

The intention of Sec. II is to elucidate how the energy
changes of quantized levels in the 2D surface layer can be
determined by electron tunneling. Section III is concerned
with the experimental results. Finally, Sec. IV briefly
summarizes the conclusions.

II. REMARKS ON THE TUNNELING METHOD

In a metal-oxide-semiconductor tunnel structure with
quantized electron layer at the semiconductor surface, the
application of a bias voltage at the metal electrode shifts
the metal Fermi level by — eV relative to the semiconduc-
tor Fermi level Ef, and electrons may tunnel from occu-
pied states of one electrode into empty states of the coun-
terelectrode. When the bias equals V=V, so that the
metal Fermi level is aligned with the bottom of the nth
subband, — eV, =E, —Ef, a new tunneling channel opens
for those electrons starting at the metal Fermi energy,
which leads to a pronounced structure in the second
derivative d2I /dV*(V) of the current-voltage characteris-
tic, where dI /dV*( V) denotes d*I /dV? as a function of
bias V. The bias position ¥, of that structure arising
from the bottom of the lowest subband E, reflects the
areal density N of electrons in this subband according to

eVO:EF_EOZNO/DO , (3)

where D, is the 2D density of states.””?® In the electric
quantum limit N, is equal to the total surface electron
density N;.

When the 2D electron system is subjected to a parallel
magnetic field, the subband minima are shifted to higher
energies as given by Eq. (1). It should be emphasized that
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this shift is a magnetic-field-induced correction of the
electric subband energy measured from the bottom of the
surface potential well. On the other hand, tunneling spec-
troscopy measures the subband energies relative to the Fer-
mi level Er. Hence, any change of the bias position ¥V
reflects a variation of the surface density of electrons N
and/or of the density of states Dy [Eq. (3)], whereas the
diamagnetic rise of the ground subband in principle can-
not be directly determined by tunneling. Although this
interpretation disagrees with that given in Ref. 23, the nu-
merical results presented there need not be far from true,
which will be shown at the end of the discussion.

In contrast to the diamagnetic shift of the lowest sub-
band, that of the higher subbands can be measured by tun-
neling with a negligibly small amount of systematic error.
Compared to the ground subband, the wave functions of
excited subbands are extended much deeper into the bulk,
and their diamagnetic effect is more than 1 order of mag-
nitude larger. As will be shown in the following, the
change of the Fermi energy relative to the bottom of the
potential well is even less than the diamagnetic shift of
the ground subband. Hence the Fermi level is a good
reference level for determining the diamagnetic rise of ex-
cited subbands, which can be read from the change in the
bias positions ¥V, of the subband-edge-induced structures
in d*I /dV* as a function of V.*

On Si(001) surfaces the lowest subband is isotropic
(my,=m,) for B=0. When B > 0 the density of states
1 Am,

1 —
+2 my

Dy(B)=—2(m,m,)'>~Dy(0) @)
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increases with the square of magnetic field as given by
Am, /m, in Eq. (2).* In metal-oxide-semiconductor tun-
nel structures the sum of depletion charge density N gep
and surface electron density N,, which is influenced by
the work-function difference of the metal and semicon-
ductor electrodes ®,,;, depends on the surface capacitance
C, of the junction and on the applied bias ¥ by

Ny +N gep =C5 (P +-€V) /€2, (5

where ®,,; can be regarded as independent of B in the
field range of interest. In the electric quantum limit and
for constant surface capacitance the density N, is con-
stant. Then we may expect the energy changes in the 2D
system to occur as illustrated in Fig. 1(b). An estimate for
typical parameters of Si(001) surfaces gives energy
changes of E, and Er —E, according to Eq. (1) and Egs.
(2)—(4) respectively, of the order of 0.1 meV with opposite
sign. Thus the decrease of Er— E approximately cancels
the rise of Ej, hence the variation of E, which indicates
a change of the surface band bending, is extremely
small. 2

III. EXPERIMENTAL RESULTS

Samples and experimental techniques used in the
present study are the same as described in previously pub-
lished work.?*?® Here we measure the low-temperature
(T'=4.2 K) tunneling characteristics d% I/dV? (as a func-
tion of V) of Ti/SiO,/Si(001) junctions at constant paral-
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lel magnetic fields up to B=15 T. Again, the substrate-
bias technique is employed to vary the areal density N g,
of ionized acceptors in the depletion layer.

A. Energy change and influence
of second subband occupation

Figure 2 shows typical tunneling characteristics record-
ed at zero magnetic field. At B >0 we observe a slight
shift of the bias position ¥V, of the dip arising from the
E, minimum. A reliable determination is achieved by fit-
ting the lower part of the dip to a parabola. Owing to the
low noise level at forward biases—a factor of 10 to 100
below that in the reverse-bias range’*—the change AV,
can be determined with an uncertainty of +3 uV. The re-
sult is a shift AV, proportional to B? up to B=15T. The
maximum change of ¥, at B=15 T amounts to —30 to
—200 nV, depending on the substrate bias.

The evaluation of the energy shift according to Egs. (3)
and (4) requires an exact knowledge of the influence of the
magnetic field on the electron density N,. An examina-
tion of the surface capacitance revealed that C; is in-
dependent of B within the resolution of the instrument of
AC,/C,=5X%10"%, confirming a constant surface electron
density N;. We know from earlier investigations of the
Si(001) electron system?® that at low depletion charge den-
sities (N gep <4 10! cm ™) a tail of states below the E
minimum contains a few percent of the surface electrons
even in Ti-metallized junctions of only N,~2.5x10'?
cm ™ electron density. Since the spread of the wave func-
tion of the O’ subband is larger than of the ground sub-
band, a parallel magnetic field increases the subband
separation Ey —E,. This results in a transfer of electrons
from the 0’ into the O subband leading to an increase of
Ny, which partially cancels the decrease of Er—E, due
to the density-of-states change.

For a quantitative determination of the transferred elec-

d?1/dV? (arb. units)

i 1 i 1 1 1

-40 -30 -20 -10 0 10 20
VimV)

FIG. 2. d?I/dVXV) at B =0 with substrate bias (a) and (c)
Vi=—2V,and (b) ¥,=—20V. (c) is a magnified part of (a).
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trons we start from the dependence of Ny (N ), which
can be obtained from a substrate bias variation.”® When
Ngepi is increased from quasiaccumulation at V= +1.2
V (N gep=~0.4x 10" cm™?) to Ngep~9.8< 10" cm~2 at
Vi=—20V, the density N reduces by the same amount
[Eq. (5)], where we may neglect the simultaneous increase
of C; by less than 2%. In Fig. 3 the difference Er —Ej is
plotted as a function of Ny, and of the reduction
ANg= —Ngep from its value N;~2.6X 102 cm~? at
Ngepi=0. Atlow Ny, the difference A(Ep —E;) between
the measured curve and the asymptotic straight line re-
flects those electrons populating the states in a tail below
Ey, which are transferred into the O subband when E is
raised with increasing Ng.,. Thus their surface density is
given by

Ng(Ngep)=DoA(Ep—Ej) . 6)

From this dependence we obtain the effective density of
states in the low-energy tail at the Fermi level defined by

ANy Ny [0Eyr |7 -
dEyr  ONgep | ONgep ’

Do'(EF)Z

where Eqr=Ey —Ep varies linearly with Ny, as shown
in Fig. 3. Figure 4 presents Ny and Dy (Ef) as a function
of Ndepl-

The measured variation of Epy due to a parallel mag-
netic field, AEyo(B), is the sum of the change AEFL S (B)
caused by the density-of-states effect and a correction
AEEL(B) due to electron transfer, which can be expressed
according to Eq. (7) as

ANo(B) Dy(Ef)
AEET(B)~— 020 0 (B .
ET(B) Do Er) = Do(Er) Eyp(B) 8)
In
AEqp(B)=AEyo(B)—AEpy(B) 9)

the term AEyy(B)=AEy(B)—AE,(B) describes the di-
amagnetic shifts of the subbands 0’ and 0. To lowest or-
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FIG. 3. Er—E, and Ey—EF as a function of Nyep.
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FIG. 4. (a) Electron density Ny populating the 0’ band tail

and (b) Dy(E) as defined in the text as a function of Ngep.
Solid lines are guides for the eye.

der, AEyf is proportional to B2 and Dy(Ep) is constant
[Eq. 4), B=0]. Since the dependence of AEE](B) on
Ngepi is mainly contained in DO (Er), we may use a con-
stant value for ¥y =3(Eyr)/d(B?), where the spread of the
0 and the 0’ subband wave functions is regarded as con-
stant. An evaluation of AV,(B) accordmg to Egs. (2) and
(4), neglecting the correction AEET, yields an approximate
value ({z2) —(z)?)8/*~1.4+0.1 nm. The spread of the 0’
wave function, gained from an extrapolation of earlier re-
sults®* on the subbands 1'—5’, amounts to 2.5+0.3 nm.
The resulting constant y=1.740.5 ueVT~? leads to a
correction AEE] (B) of about 20% of the measured varia-
tion AEpo(B) at Ngepr=2.0x 10" cm—2 (V =0). Figure
5 shows the corrected energy shift AEFYS(B). The right-
hand scale for Am, /m,(B), calculated from Egs. (2) and
(4), gives an increase of the effective mass of less than
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FIG. 5. Energy shift AEFYS and effective-mass change as a
function of B2 (V,=0). The solid straight line is a fit to the ex-
perimental points.

3%, i.e., the constant-energy line is deformed from a cir-
cle into an ellipse by stretching the main axis along &, by
less than 1.5%.

B. Tunneling conductance in parallel magnetic fields

The deformation of the wave function should result in a
change of the probability for tunneling of the surface elec-
trons into the metal electrode. (It is obvious that the same
is true for tunneling in the reverse direction or into higher
subbands, which we are not concerned with.) Provided
that this change mainly arises from the change of the 2D
density of states Dy(B) to which the contribution g, of
the ground subband to the tunneling conductance
g=dlI /dV is proportional,?® we have a second experimen-
tal way of determining Dy(B). Owing to the steplike
character of the conductance dI/dV at positive biases
around ¥V =V¥,,%3° we obtain the contribution g, from
the difference between the conductance at biases V, < ¥
and V, > ¥V,, where ¥, is Ng, dependent as shown in
Fig. 3. For all values of N, any influence of the con-
ductance decreases due to Ey and E, as well as of the
magnetic-field-dependent zero-bias anomaly could be
avoided when ¥, is chosen in a range of 4.5—5.5 mV. In
a bias range 25<V, <45 mV, well below the phonon
threshold at V=50 mV,?® the background conductance is
nearly constant and not affected by the magnetic field.
We used V,=5 mV and V, =35 mV for the measurement
of Ago(B)=go(B)—go(0), where go=g( V, )—gl vV, ).

The resulting plot in Fig. 6 reveals the same variation
of Ago/go with respect to B? as expected from the density
of states in Eq. (4) and the effective-mass change shown in
Fig. 5. Hence we may express the conductance change in
terms of the effective-mass change according to Ag,/go
~ADy/Do~Am,/2m,. However, at high depletion
fields Ago/g, exhibits a somewhat larger variation than
ADy /Dy, which indicates an increase of the tunneling
probability beyond the density-of-states effect.

C. Spread of the ground-state wave function

Using Eq. (2) we have determined the dependence of the
spread ((z2) —(z)?)!/? of the ground-state wave function
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FIG. 6. Relative change of the contribution g, of the lowest
subband to the tunneling conductance as a function of B?
(Vs=0). The solid straight line is a fit to the experimental
points.
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FIG. 7. Spread of the ground-subband wave function as a
function of depletion charge density Ng.. Experimental points
are obtained from the effective-mass change (circles) and from
the conductance change (squares). The dashed line represents
the result of the Fang-Howard variational function (see text).

on the depletion charge density (Fig. 7), where the sub-
band separation E; —E| has been directly obtained from
the tunneling characteristics as shown in Fig. 2. It should
be noted once more that while increasing the depletion
charge density N, the surface electron density decreases
from 2.6 10'? to 1.7 10'2 cm~? as illustrated by Fig. 3
and Eq. (5). The data points from the conductance
change are also included into the diagram. However, it
follows from the discussion in Sec. III B that at high de-
pletion charge densities, where the results obtained from
both measurements are different, those data gained from
the energy change are more reliable.

Particularly at low Ng, the experimental results are
reasonably described by the dashed line calculated from
the variational function’?!

Eo(z)=(3b3)" 2z exp(—bz/2) , (10)

where in the variational parameter b given by (m,=0.916
mo)

—— = (Nyepi + 35 No) (11)

the electron density N, depends on N as shown in Fig.
3. The spread of the variational function is 1/b.

At high N, the experimental points clearly deviate
from the theoretical curve. This arises probably from too
slow a decay of the variational wave function into the
semiconductor electrode. With increasing depletion field
and decreasing surface field (N, reduces) the surface po-
tential well is approaching the triangular form. Hence the
asymptotic behavior of the subband wave function is
closer to exp( —z3/?) of the Airy function than to exp(—z)
of the variational function.
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Finally, we return to the question of how much the en-
ergy shift AEpo(B) differs from the diamagnetic rise
AE,(B). Using the experimentally determined spread of
the wave functions, we obtain the following energy
changes at B=10 T for various Ngep: Ngepi=0.4x 10"
cm™2, |AEpy| =127+12 ueV, AE,=103+14 peV;
N =2.0x10""  ecm™2,  |AEpo| =90+7 peV, AE,
=8619 peV; Ny =9.8X10"" cm™?, |AEp| =13+2
ueV, AE,=29+7 peV. These values show clearly that
except for high depletion fields both energy changes are
nearly equal.

IV. CONCLUSIONS

The change of the effective mass of surface electrons in
a parallel magnetic field leads to an increase of the 2D
density of states. This increase results in a change of the
difference Ep—E,, which we have directly obtained from
the tunneling characteristics of a metal—SiO,—inverted
p-type Si structure. In contrast to this energy change, the
diamagnetic rise of the ground subband is in principle un-
detectable by tunneling.

In evaluating the energy shift we have taken into ac-
count those electrons, which particularly at low depletion
fields populate a low-energy tail of the 0’ subband, and
which become transferred into the lowest subband when
the magnetic field increases the subband energy E, rela-
tive to Ep. The resulting effective-mass change is of the
order of 1% at B=15 T, which is probably too small to
be measured by any other experimental technique.

The influence of the parallel field on the tunneling
probability is studied from the change in the contribution
of the lowest subband to the tunneling conductance.
When the depletion field is much less than the surface
field, the conductance change is approximately the same
as the density-of-states change. At high depletion fields
the conductance varies somewhat stronger with magnetic
field than the density of states.

Since tunneling characteristics directly give the subband
separation, we are able to determine the spread of the
ground-state wave function from the effective-mass
change, where we apply the result of a second-order per-
turbational calculation. At low depletion fields the depen-
dence of the spread on Ng is reasonably described by
the Fang-Howard variational function. The failure of the
theoretical model to reproduce the strong decrease of the
spread obtained at high depletion fields is probably due to
too slow a decay of the variational wave function into the
bulk.
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