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We investigate the current-voltage characteristics of tunnel diodes in a constant transverse mag-
netic field up to 160 kOe. In regular-production alloyed tunnel diodes of Ge and GaAs, the influence
of the magnetic field on the tunnel current is small. In GaSb tunnel diodes made by the diffusion
method, an appreciable decrease of the tunnel current is observed; this decrease is satisfactorily
described by the existing theory ) for direct tunnel transitions in crossed electric and magnetic
fields. It is observed that the excess current also decreases in a magnetic field, and an explanation

of this phenomenon is proposed.

IT is known that the tunnel current in semiconductors
decreases w1th increasing intensity of the transverse
magnetic f1eld 1,21 The theory developed by Aronov
and Pikus'®! , which is valid for tunnel transitions be-
tween parabolic bands with quasimomentum conserva-
tion, yields the following expression for the relative
decrease of the tunnel current in a p-n junction in a
transverse magnetic field:
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where 2ms? = €, € is the width of the forbidden band
of the semiconductor, m the average of the effective
masses of the electron and hole (2m = mp + myp),

B = mm®s®/efi, E—electric field in the p-n junction,
e—electron charge, i—Planck’s constant and c—veloc~
ity of light. It follows from (1) that the ¥ (H) depend-
ence is determined both by the characteristics of the
semiconductor (m, €) and by the field E in the junc-
tion. Therefore a verification of the validity of the
theoretical conclusions'®] is quite important, for by
investigating the y(H) dependence we can determine,
if formula (1) is valid, either the electric field in the
p-n junction or the effective mass for the tunnel transi-
tions. It should be noted that formula (1) is valid,
strictly speaking, when mp = mp (when mp # my, an
additional numerical factor enters into the exponential).
If, however, the ratio mp/m, is not much different
from unity (for most III-V compounds, where the
tunnel transitions occur mainly between the conduction
band and the light-hole band, we have mn/m ~ 0.8-—
1.3), then formula (1) remains valid without introduc-
tion of correction factors.

One of the materials suitable for verifying experi-
mentally the theoretical relation (1) is apparently gal-
lium antimonide. First, the interband tunnel transi-
tions in GaSb are direct. Second, the effective masses
of the electron and of the light hole in GaSb are ap-
proximately equal and sufficiently small (~0.05 me),
so that the influence of the magnetic field on the tunnel
current should be relatively large. Third, in view of
the sufficiently large width of the forbidden band, the
tunnel effect in GaSb can be observed in a wide range

of temperatures. Therefore the greater part of the ex-
periments was performed with diodes made of GaSb.

It was also of interest to estimate, for comparison,
the influence of a strong magnetic field on the current-
voltage characteristics of tunnel diodes made of
materials with both direct (GaS) and indirect (Ge)
tunnel transitions.

EXPERIMENTAL PROCEDURE

The tunnel and inverted diodes of GaSb, used to
verify the theory experimentally, were made by diffu-
sion of zinc in n-type material. The technology of
preparation of such dlodes and their electric properties
are discussed in detail in'*), We note here only that the
use of such diodes offers the following advantages:

1. The magnitude of the electric field in a diffusion
p-n junction is smaller, owing to its larger width, than
in an alloyed junction. This leads, as follows from (1),
to an intensification of the action of the magnetic field
on the tunnel current.

2. Diffusion p-n junctions can be readily made quite
flat, making it possible, if the diode is accurately
oriented in the magnetic field, to eliminate the current
component parallel to the magnetic field, on which the
latter acts much less than on the current component
normal to H. In alloyed tunnel junctions it is difficult
to avoid bending of the p-n junction, so they usually
have a longitudinal component of the current, thus
lowering the magnitude of the effect and hindering the
comparison of experiment with theory.

3. In diffusion diodes it is possible to measure the
area of the p-n junction with high accuracy (one com-
pletely unattainable for alloyed diodes), making it
possible to determine the value of E from other meas-
urements and to compare it with the value obtained
from the y(H) dependence.

Preliminary investigations made with such diodes
in a superconductmg solenoid at H < 64 kQOe and
T = 4.2°K'®) have shown that in this region of magnetic
field intensities the theory agrees well with the experi-
mental data. However, the decrease of the tunnel cur-
rent in these experiments did not exceed 7T—10%. It

630



TUNNEL TRANSITIONS IN

I, mA

at 2
7
ol 12
) 0

1 1 L 1 L
00 200 700 100 2 bﬂ J00
¥, mV v, mV

FIG. 1. Forward current-voltage characteristics of a diffusion
tunnel diode of GaSb at 80 (a) and 300°K (b). The numbers on the
curves designate the magnetic field intensity in kOe.

was therefore of interest to verify the agreement be-
tween the theoretical and experimental curves in the
region of stronger magnetic fields and at higher tem-
peratures.

Diodes made of Ge and GaAs, on which the meas-
urements were made, were commercial alloyed tunnel
diodes. The measurements were made with the
‘‘Solenoid’’ apparatus for obtaining superstrong mag-
netic fields, constructed at the P. N. Lebedev Physics
Institute of the USSR Academy of Sciences, in constant
magnetic fields up to 112 kOe at T = 80°K and up to
160 kOe at T = 300°K. The construction of the
‘‘Solenoid’’ setup and its operating procedure are de-
scribed in®). The dc current-voltage characteristics
of the diodes were plotted either point by point by a
potentiometer method, or were recorded with an auto-
matic x-y recorder with continuous variation of the
diode bias.

EXPERIMENTAL RESULTS

Figures 1 and 2 show the current-voltage character-
istics of GaSb diodes, plotted in a transverse magnetic
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FIG. 2. Forward (a) and inverse (b) current-voltage characteristics
of an inverted diffusion diode of GaSb at 300°K. The numbers at the
curves designate the magnetic-field intensity in kOe.

SEMICONDUCTORS 631

Ztor ,mALIinv"mA |

§ T ! o

- 50 00

/0 ¥ iny> ™Y

v

}
‘Zﬁm'

0z oy i 08 o
FIG. 3. Forward (Ifo(Vfor) — solid lines) and inverse

(Iiny(Viny) — dashed lines) current-voltage characteristics of an alloyed

tunnel diode of gallium arsenide at 300°K’ Upper curves — H = 0,

lower curves — G = 160 kOe.

field at 80 and 300°K. We see that at any diode voltage
(including voltages corresponding to excess current),
the tunnel current decreases with increasing magnetic
field, but in the region of excess currents (as was also
noted in[S]) the influence of the magnetic field is much
smaller. The current-voltage characteristics shown in
Fig. 2 pertain to a diode in which the thickness of the
p-n junction was artifically increased by means of
special heat treatment. The electric field in this p-n
junction was noticeably weakened, and consequently the
decrease of the direct tunnel current under reverse
bias in a magnetic field was large enough to permit its
use for the measurement of the intensity of strong
magnetic fields'"’,

The investigations have made it possible to reveal
one more feature of GaSb tunnel diodes, namely the
influence of the magnetic field on the direct tunnel
current (connected with the direct transitions) is
stronger at room temperature, whereas in the excess-
current region the effect is more noticeable at 80°K.

In GaAs diodes (Fig. 3), the magnetic field has much
less influence on the direct tunnel current than in
GaSb, and has practically no influence on the excess
current. At the same time, in Ge diodes (Fig. 4), the
influence of the magnetic field on the direct and on the
excess tunnel currents is approximately the same. The
appreciable effect observed in the region of the diffu-
sion current (V> 0.4 V) in germanium tunnel diodes
is apparently due to the decrease of the diffusion length
of the minority carriers in the magnetic field.[®]

A quantitative comparison of the theory of*7 with
the results obtained for GaAs and Ge tunnel diodes was
not made, in view of the smallness of the effect. For
GaAs, the theory is not applicable (the tunnel transi-
tions in it are direct), and the smallness of the effect
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FIG. 4. The same as Fig. 3, but for an alloyed germanium

tunnel diode at 300°K.
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FIG. 5. Plot of v (H) for GaSb diffusion diode of the tunnel
type at 80°K (a) and inverted type at 300°K (b). Points — experi-
mental data; solid curves — calculated from formula (1). The numbers
in the curves correspond to the diode voltage in mV. The dashed curve
(b) is a plot of formula (2).

is due to the strong electric field (~2 x 10° V/cm) in
the alloyed p-n junction, owing to the large width of
the forbidden band of GaAs. The weak influence of the
magnetic field on the tunnel current in germanium
diodes can be attributed to the indirect character of
the tunnel transitions.

DISCUSSION OF RESULTS

Direct Tunnel Transitions

The points of Fig. 5 show typical experimental
7Y (H) relations corresponding to different values of the
diode bias. The solid curves were calculated from
formula (1), and the only selected parameter was
the electric field E in the p-n junction. It was assumed
in the calculations that € = 0.787 eV at 80°K and
€ =0.697 eV at 300°K"™), mp = mp = m = 0.05 mg">M .
We see that the theoretical curves are in good agree-
ment with experiment. The agreement is particularly
good at 80°K. This is to be expected, inasmuch as
formula (1) is valid in essence only at low tempera-
tures. However, the character of the ¥y (H) dependence
predicted by the theory is retained up to room tem-
perature.

From the form of the current-voltage character-
istics (Figs. 1 and 2) we see that the contribution of
the excess current to the total current is large in the
investigated GaSb diodes even at small positive bias.
The essential role that can be played by the excess
currents at small positive bias was pointed out also by
others'*#'**], Therefore, in a quantitative comparison
of the experimental data with the theory, we used the
region of negative bias. In this region it is possible to
determine, from the y(H) dependences at different
values of the bias, the dependence of the electric field
intensity E, which enters in formula (1), on the bias.
Examples of such dependences are shown in Fig. 6.
Extrapolation of the E(V) plot to V = 0 yields the
value of the electric field E, in the p-n junction in the
absence of a bias. The value of E, can be determined
from other measurements.

By the way of control methods of the measurement
of Eo; we used the following:
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1) Measurement of the conductivity of the diodes
Go at zero bias; in this case!’! G, = AE, exp (-B/Ey),
where A = Qe*/mh’s and Q is the area of the p-n
junction.

2) Measurement of the diode capacitance (at 300°K).

3) Measurement of the shift of the maximum peak
of diagonal tunneling in the electroluminescence spec-
trum of the diodes as a function of the diode bias!*®]
(at 80°K).

The results of the determination of E, by different
methods are listed in the table. The agreement ob-
tained allows us to assume that the theory of®! de-
scribes correctly the influence of the transverse mag-
netic field on the current in the tunnel diode not only
qualitatively but also quantitatively.

Values of electric field E, (in units of 10° V/cm),
determined by various methods for three GaSb

diodes
Method of determining Eq
Diode H), Measure- | Measure- | g the
number {T> K v mentof | ment of elecrt(r):;umine-
Formula Formula Go capacit- |oonce spectrum
(1) (2) ance
1 80 6.55 6,20 6.6 - 6.7
2 300 4.55 437 4.6 4.9 —
3 300 4.75 4.44 47 5.0 —

In'*®), an expression similar to (1) was obtained for
the decrease of the tunnel current in a transverse
magnetic field (in the quasiclassical approximation),
but without the pre-exponential factor:

v(H) = exp{ Bg{ 1*( ! Sﬁ‘)/}} : (2)

In weak magnetic fields (s?’H?/c’E® < 1) the absence
of this factor does not influence the qualitative charac-
ter of the y(H) dependence, but the parameter E,
determined from formula (2), turns out to be 5—10%
smaller. On the other hand, if s*H?®/c®E®* 2 0.1, then
the experimental y(H) plots, especially at room tem-
perature, fit much better the theoretical plot of type
(1) (Fig. 5b).

We note that the accuracy with which the field in-
tensity E in the p-n junction is determined from the
¥ (H) plot is much higher (not worse than ~3%) than
from other known measurements. Therefore, by de-
termining the value of the electric field in the p-n
junction from the decrease of the tunnel-diode current
in the magnetic field, it is possible to increase appre-
ciably the accuracy of other experiments with these
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diodes, inasmuch as the calculation formulas for many
effects in strongly doped p-n junctions contain the
quantity E, which is usually determined with a large
degree of error.

Strictly speaking, the theory of!®! is valid only for
the case of simple bands with a quadratic dispersion
law, whereas the valence band in semiconductors of
the III-V type, and also in Ge and Si, is degenerate.
It can be assumed, however, that in the case when the
tunneling probability is determined in practice only by
light holes, the presence of degeneracy should not
noticeably influence the investigated effect”. The in-
fluence of the (111) subband of the conduction band on
the probability of the tunnel transitions should also be
small (the ratio of the effective masses of the elec-
trons in the lower and the upper minima in GaSb is of
the order of 0.1). Furthermore, the transitions from
the (111) subband are not direct.

Excess Current

As seen from Figs. 1 and 2, the magnetic field also
decreases the excess current, and this effect is also
described by a relation of the type (1) (see Fig. 3, the
curves corresponding to large intensities). This result
is not unexpected, since the excess current is due to
the tunneling of the electrons and holes inside the po-
tential barrier in the p-n junction and to the subsequent
recombination (radiative, impurity, or impact). The
major differences between this process and the direct
interband tunneling are as follows. First, the excess
current is due to indirect tunnel transitions and par-
ticipation of a third particle is essential (photon, im-
purity atom, or one more carrier). Second, the height
of the potential barrier for the electrons located near
the Fermi level is much lower in the case of the excess
current than in direct tunneling, and equals € — eV,
i.e., it decreases with increasing diode voltage.

Apparently, the first difference should not greatly
affect the character of the dependence of the tunnel
current on the magnetic field, if it is assumed that the
decisive influence is exerted by the magnetic field on
the probability of penetration into (or passage through)
the potential barrier. Under such an assumption, the
decrease of the influence of the magnetic field in the
region of the excess current can be attributed to the
decrease of the characteristic energy of the electron-
hole pair production 2ms?i = € - eV. This makes it
possible to explain qualitatively both the weakening of
the influence of the magnetic field on the excess current
with increasing diode voltage (connected with the de-
crease of s; with increasing V), and the observed de-
crease of the influence of the magnetic field on the
excess current with increasing temperature (connected
with the decrease of s, as a result of the thermal
decrease of the width of the forbidden band® ).

DIndeed, as was kindly reported by L. V. Keldysh during a
discussion of the present paper, according to his calculations, the
presence of a degenerate valence band can be neglected in the analysis
of interband tunneling if the mass of light holes is much smaller than
the mass of the heavy ones (in GaSb, the ratio of these masses is of
the order of 0.2).

2D The relative change of s; with changing temperature is much
larger than the change of s, and therefore it is precisely s; which
determines the temperature dependence of v (H) in the region of
excess currents.

FIG. 7. Dependence of In v,
on the diode voltage in the excess- 24
current region for a GaSb tunnel
diode at 80°K; H= 112 kQe. The a7
solid line is calculated from (5).
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Let us attempt, using such an assumption, to esti-
mate qualitatively the influence of the magnetic field
on the excess current, assuming that formula (1) in
which s is replaced by s; is valid.

Recognizing that in this case 1 -y « 1, i.e.,
siH?/c’E® « 1, we insert the pre-exponential factor
in the exponential, obtaining for the relative decrease
of the excess current Igxc in the magnetic field

. ICXC(H) _ B1 812Hz 3
Yl:ixc(o) —exp[—— (QE+1>CZE2 :” ( )
where B, = m?s}/eh.
We assume further that the field E, in the region
of bias values corresponding to excess currents, can
be obtained by extrapolating the relation

E=Eo(1—¢cV/e)h (4)

where E, is the initial field in the p-n junction and is
determined from the experimentally obtained E (V)
dependence at V < 0. We can then readily find that

loyi = —CH?(e + D — eV), (5)

where C and D are constants that depend only on the
known quantities m, €, and E,.

Figure 7 shows experimental points representing a
plot of Iny; on V for one of the diodes in a magnetic
field H = 112 kOe at 80°K, and the theoretical line
calculated from (5). We see that the simple considera-
tions advanced above allow us to predict the correct
magnitude of the influence of the transverse magnetic
field on the excess current. For a more correct theo-
retical analysis of the influence of the magnetic field
on the excess current in a large range of bias voltages
V it is necessary to take into account the following
considerations.

1. As can be seen from Fig. 6, when the experimental
E(V) plot is extrapolated to the region V> 0, the
lines E*(V) cross the abscissa axis at values Vi that
are much lower than the contact potential V¢ (for
these diodes V¢ = 0.8 V, and it follows from Fig. 6
that Vj = 290—550 mV). We can therefore conclude
that the real character of the E(V) dependence at V> 0
should differ noticeably from the assumed simple de-
pendence (4). In particular, in a large region of bias
values the value of E should decrease with increasing
V more slowly than predicted by formula (4)*. This
leads to a decrease of the influence of the magnetic
field compared with that expected from (5), as is in-
deed observed (see Fig. 7). Therefore, for a correct
theoretical description of the y (H) dependence at
V> 0 it is necessary to have more information on the
E(V) dependence in this region of bias values.

3)This is also indicated by the results of [17], where a more
accurate calculation was made of the dependence of the p-n junction
capacitance on the bias.
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2. In the region of large positive bias values
(especially at high temperatures), the characteristic
energy 2ms; decreases additionally, owing to the
thermal energy of the carriers, and this leads to fur-
ther weakening of the influence of the magnetic field
on the excess current. Indeed, the experimental values
of |lny,| for the excess currents at room tempera-
ture are smaller by a factor 3—5 than those calculated
from formula (5).

CONCLUSION

The performed experiments have confirmed that the
tunnel current connected with the direct interband
transitions in semiconductors decreases in a strong
transverse magnetic field, in agreement with the pre-
dictions of the theory. Owing to the use of diffusion
tunnel and inverted GaSb diodes, characterized by a
relatively weak electric field in the p-n junction and
small effective mass, appreciable changes of the tunnel
current were obtained (a decrease by 50—65% in mag-
netic fields up to 160 kOe). This has made it possible
to compare quantitatively the theory®''®] with the ex-
perimental data in a wide range of changes of H,

Y(H), and V at 80 and 300°K.

The results indicate that the theory of Aronov and
Pikus'®! provides a good quantitative description of the
change of the tunnel current under the influence of the
transverse magnetic field. The values of the electric
field in the p-n junction, calculated from (1), agree
well with the results obtained by independent methods.

We observed and investigated the influence of the
magnetic field on the excess tunnel current. The much
smaller magnitude of the effect compared with the
region of direct interband transitions is qualitatively
explained on the basis of the concepts developed in®7,
Assuming that the simple relation between the electric
field in the p-n junction and the bias (4) is valid, satis-
factory agreement can be obtained between the theo-
retical and experimental values of y (H) in the region
of excess currents at low temperatures.

The authors are deeply grateful to V. G. Veselago
and A. M. Prokhorov for the opportunity of working
with the ‘‘Solenoid’’ setup, to V. S. Vavilov for collab-

oration and continuous interest in the work, to V. M.
Ivanov and V. M. Karneev for help with the experiment,
and G. E. Pikus and A. G. Aronov for a discussion of
the results.

TA. R. Calawa, R. H. Rediker, B. Lax, and A. L.
McWhorter, Phys. Rev. Lett. 5, 55 (1960).

’R. H. Rediker and A. R. Calawa, J. Appl. Phys.
Suppl. 32, 2189 (1961).

®A. G. Aronov and G. E. Pikus, Zh. Eksp. Teor. Fiz.
51, 281 (1966) [ Sov. Phys.-JETP 24, 188 (1967)].

“T. S. Dneprovskaya, V. M. Stuchebnikov, and A. E.
Yunovich, Fiz. Tverd. Tela [ Sov. Phys.-Solid State],
in press.

V. M. Stuchebnikov, V. I. Tikhonov, and V. I
Fistul’, Fiz. Tverd. Tela 10, 539 (1968) [ Sov. Phys.-
Solid State 10, 423 (1968)].

8V. G. Veselago, L. P. Maksimov, and A. M.
Prokhorov, PTE No. 4, 192 (1968).

"V. G. Veselago, V. M. Stuchebnikov, and V. I
Tikhonov, Zh. Tekh. Fiz. [Sov. Phys.-Tech. Phys.] in
press.

8E. I. Karakushan and V. L. Stafeev, Fiz. Tverd.
Tela 3, 677 (1961) [ Sov. Phys.-Solid State 3, 493 (1961)].

9J. C. Wooley, Canad. J. Phys. 44, 2709 (1966).

1°g, Zwedling, B. Lax, K. J. Button, and L. M. Roth,
J. Phys. Chem. Solids 9, 320 (1959).

MR, A. Stradling, Phys. Lett. 20, 217 (1966).

2N. A. Belova and S. N. Ivanov, Radiotekhn. i
élektr. 10, 96 (1965).

M. M. Cohen and F. D. Bedard, J. Appl. Phys. 38,
904 (1967).

G. E. Pikus, Osnovy teorii poluprovodnikovykh
priborov (Principles of Theory of Semiconductor
Devices) Nauka, 1965, p. 310.

®A. G. Arnov and G. E. Pikus, Fiz. Tverd. Tela 8,
3729 (1966) [ Sov. Phys.-Solid State 8, 2999 (1967)].

M. H. Weiler, W. Zawadzki, and B. Lax, Phys.
Rev. 163, 733 (1967).

'7y. F. Chang, Solid St. Electr. 10, 281 (1967).

Translated by J. G. Adashko
135



