PROCEEDINGS OF THE INTERNATIONAL CONFERENCE ON THE PHYSICS OF SEMICONDUCTORS, KY0TO, 1966

JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN

IX-8.

VoL. 21, SUPPLEMENT, 1966

Quantum Effects on Capacitance of p-rn Junctions

J.C. THUILLIER and J. M. THUILLIER

Laboratoire de Physique, Ecole Normale Superieure, Paris 5, France

The theoretical study of the capacitance of n-p* junction predicts
a decrease of the capacitance when a magnetic field is applied, caused
by Landau quantization and spin degeneracy removal.

For a degenerate n type semiconductor at T=0°K, an oscillatory be-
haviour is expected at weak magnetic field followed by a monotonic

decrease in the quantum limit.

At higher temperatures, where Maxwell Boltzmann statistics apply, we

predict a monotonic decrease.

The experiments were carried out at 7=4.2°K and T=77°K. The
results are in good agreement with the theory.

§1. Introduction

In a material, in which a magnetic field is
applied the Landau quantization and removal of
the spin degeneracy affect the electronic energy
levels. This phenomenon was observed in very
many ways. We propose in this paper to observe
it by a change in the work-function of the
material. This may be detected by a variation
of the capacitance either of a sandwich structure
semi-metal or semi-conductor/insulator/metal or
of p-n junction.

We have carried out a detailed study of the
capacitance of n-p™ InSb junctions.

The theory was achieved for two limiting
conditions:

—At 0°K we apply Fermi-Dirac statistics. We
may predict an oscillatory variation of the ca-
pacitance for magnetic fields such as 7iw~Ep
followed by a monotonic decrease in the quantum
limit.

—At higher temperatures when the Maxwell-
Boltzmann statistics is applicable we must ob-
serve a monotonic decrease of the capacitance.
It is interesting to note that this purely quantum
effect may be observed at liquid nitrogen tem-
perature.

In our theory, in both cases, collision—broaden-
ing of levels is neglected.

Experiments were carried out at 77°K and
4.2°K. We shall see below that these experi-
mental conditions fit rather well with the two
limiting conditions of our theory.

§2. Theory

In the following we shall assume that the p*
type side is highly degenerate and that the voltage
drop occurs only in the n type side which is
assumed homogeneous.
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Fig. 1. Assumed band scheme.

We will use the band scheme shown in Fig. 1
where the junction is assumed to be reverse
biased by a voltage E, for a degenerate n type
material. The validity of such a band scheme
will be discussed below. We will only consider
quantum effects in the n type side of the junc-
tion.

With these conditions it is easy to show that
the capacitance for unit area is given by C=
eqN/4 zQp where N is the donors density and
Qp is the stored charge in the space charge
region. Other symbols have their usual mean-
ings. When the magnetic field varies all pa-
rameters except Qp are constant and we may
set

AC/C=—403/0p .
Qp is determined by

(1)

5 & (Vmax
05 =§—go p(V)dV . (2)

T

We notice that Vyax—=Er+E,, Fig. 1, is the
total energy drop for an electron across the
junction.

A. Fermi-Dirac statistics at T=0°K

With magnetic field the energy levels of free
electrons are given by
ﬁzkﬂz
2m*’

1 1
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(ky is the component of the k vector parallel to
the field) where w=eH/m*c is the cyclotron fre-
quency, g is the gyromagnetic factor and pp the
Bohr magneton.
In the following we set
1 1
'Eg#BH/ﬁwZ Tgm*/mo——-l . (4)
The density of states in a sub-level is propor-
tional to

E YWior Lgr T
[ _(’H—T) wii‘g,uB ] .

We determine the Fermi-energy by the condition
that the total density of free carriers is constant.

It is easy to show that the total number of
carriers is given by

(3)

N=Nq""*(hw/kT)**(SH,+S5s) »
where we set N,=2(2 zm*kT/h*)** and

(6)

Mmax

3 [(EF/hm) - (n+ - :u)]” .

Going to the limit H—0 we get the relation

S,t=

4 _
?(EFo/h(D) = S1+/2 +S12 »
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Fig. 2. Variation of the bracketed term versus
#o|Er,y, €q. (8).
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Fig. 3. Variation of the bracketed term versus
hw|EFy, €q. (8).
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where Ep is the Fermi energy for H=0 and
where in Si5; we use the Fermi energy Ep for
H=+0.

For the computation of Qp from eq. (2) we
have to take into account the space charge +gN
of donor impurities and the space charge of free
carriers for V< Ejp.

The latter one is easily computed from eq. (6)
where we have just to modify Ep in Ep—V.

The final result is

. eN 2 . St S
= Vipag— —Fo—21T2812) 7
s 2n< maxT g ”’sl+,2+sr,2> (7)

When the applied dc bias is constant a
straightforward calculation gives the change in
Qp vs. H, whence the relative change in capaci-
tance

4C_ 1 Ep
C = T 2E.TGEr

[ (L5t B 3 En))
Ep, 3 ST +Sip Ao 5 hw ’

(8)

In Figs. 2 and 3 we have plotted the bracketed
term of (8) as a function of #Aw/Ep, for respec-
tively low and high values of this parameter.
We assume the following values for InSb:
m*m,=1.45x107%, g=—48.

When 7iw/Ep, is about unity we may expect
an oscillatory variation of the capacitance. At
higher fields in the quantum limit we must ob-
serve a monotonic decrease. The observed varia-
tions must be small because the change in
capacitance arises from the region where the
space charge of free carriers is efficient. This
occurs on a depth of about the Debye length
which is much smaller than the junction width.

B. Maxwell-Boltzmann statistics

The calculation is carried in the same way as
above but is much easier.

It is easy to show that the number of carriers
in the conduction band is given by N=N[exp
(—Ep/kT))p, where ¢=[(fiw/2kT)/(shiw/2kT)]
X[(ch gpupH|2 kT)] whence we deduce the change
of Fermi energy AEp=Ey(H)—Er,=kT log ¢.

The stored charge Qp is given by eq. (2)
where now p(V)=N—n,=N[1—exp(—V/kT)]
where n,; is the contribution of free electrons to
the space charge: Qp"=(eN/2 7)(Vmax—kT).

In the following we neglect kT with respect
t0 Vmax. Since Ep-+Vmax is constant for a
constant bias
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AC|C=—4035/0p= —%AEF/Vmax

or

AC|C=kT|2 Vimax X log ¢ . (9)

§3. Experimental Procedures

A. Samples

The p-n junctions were grown by the liquid
phase epitaxy method described by Calawa and
Melngailis’’ by deposition of p* InSb on an n
type substrate from an In-InSb-Cd bath.

After masking and subsequent etching with
CP, we get a mesa structure whose diode charac-
teristics are generally very poor. With the pas-
sivation technique described by Mueller, Jacobson
and Maffitt* we may improve ihese charac-
teristics and we get reverse resistance of 2MQ
for junctions of an area of about 3 mm®

B. Magnetic field

Experiments reported in this paper were carried
out with a conventional electromagnet with
fields up to 14 kOe. Experiments at higher fields
with a superconducting coil are now under way.

C. Measurements

Our measurements were carried out with a
Boonton Bridge (Type 75 AS8) at a frequency
of 480 kHz. The output signal is measured with
a phase sensitive detector. This allows separate
measurements of changes of capacitance or of
losses. The variation of C versus H is observed
on an X-Y recorder.

§4. Experimental Results and Discussion

We will give results for #-p* junctions in which
the carrier densities ranges from 2x 10" to 4 10"
in the » type material.

A) At 4.2°K we failed to observe the predicted
oscillations as shown in Figs. 2 and 3. At best
we may observe an accident at the magnetic
field value for which the theory predicts a large
oscillation, Fig. 4 for a sample. This probably
arises from collision broadening of levels.

At higher fields, in the quantum limit, the
broadening of levels is less important and if we
compare the total change in capacitance when
the field varies from 0 to 14kOe with the pre-
dicted one for various biases (Table I), the agree-
ment is very good. The Ep value was computed
from the carrier density measured by Hall effect.
E,, was determined from the known value of
the energy gap (the Fermi energy on the p-type
side is neglected). The use of the theory achieved
for T=0°K seems valid at 4.2°K because we
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Fig. 4. Theoretical and experimental variations

of the capacitance at 4.2°K.

Table I. Total variation of capacitance at 4.2°K.

Sample He 07 N=4x101 T=4.2°K
—10-2ACmX _IO_EACmux
Vpc mv Cps (& c
Exper. Theory
—200 1452 1.40 1.43
—100 1670 1.87 1.89
0 2003 2.62 2.40
+100 2605 4.35 4.15
MAC N=2.10"
ropf T=77°K
V=-75mv.
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Fig. 5. Capacitance varjation vs. magnetic field

at 77°K.

Table II. Total variation of capacitance at 77°K.

Sample N 2-12 N=2x10" T=77°K
—IOaACmaX _loal’cma.x
Vpc mv Copr C (&4
Exper. Theory
—100 107.6 0.92 0.86
—= 175 112.1 0.94 0.93
— 50 118.0 1.05 1.03
— 25 124.8 1.20 1.14
0 134.2 1.19 1.29
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did not observe significant changes when pump-
ing on helium.

B) At 77°K the agreement is very good. On
Fig. 5 we plot the capacitance variation versus
magnetic field as compared with the computed
curve. On Table II we compare the change in
capacitance for the maximum magnetic field for
various biases. Vpax is deduced from the
known value of the energy gap.

C) We checked our junctions by a plot of
C~* versus bias. We generally observe a perfectly
straight line which enables us to determine
E,=0.2¢V at 77°K and E;=0.24¢eV at 4.2°K.

However in some cases we observed anoma-
lously small values for E, (e.g. 0.165 eV at 77°K).
Furthermore we sometimes observed a kink in
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the C™®/E characteristic. This probably arises
from a spreading of the hole space charge region
across the stoechiometric junction. The theory
of this effect is now in progress.
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DISCUSSION

Reuber, C.:
results ?
dc/c on the 480 kc voltage ?

Thuillier, J. C.:

The theory of this phenomenon is underway.
Within 100 to 1,000kc, the capacitance varia-

used to check any possible channel effect.

What is the frequency-response of your effect ?

Did you measure also the losses as function of B and what were the

Is there any dependence of

We measured losses in some cases at 4°K. Oscillations are observed.

The frequency variations of capacitance is

tion versus B is independent of frequency. The high frequency voltage applied to the
sample is kept as small as possible (a few mV).



