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Current-voltage characteristics of Ga0.99In0.01As tunnel diodes are studied experimentally and
theoretically. Three possible tunneling mechanisms are considered: direct band-to-band tunneling,
phonon-assisted tunneling through defects, and resonant tunneling through defects. Comparison
between theoretical results and experimental data reveals resonant tunneling through oxygen-related
defects as the dominant transport mechanism at voltages corresponding to the peak current in diodes
with doping level about 1019 cm−3. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2936932�

Interband tunnel diodes are used to electrically intercon-
nect the individual subcells in a metamorphic multijunction
solar cell.1 Since photons are only converted efficiently
within the subcells, the tunnel diodes have to feature high
optical transmissivity. Especially when used in a concentra-
tor solar cell, the tunnel diodes also have to operate at very
high current densities and low voltages. Hence, tunnel diodes
represent one of the most critical elements of multijunction
solar cells.

An AIXTRON multiwafer metal organic vapor phase ep-
itaxy reactor �AIX2600 G3� with 8�4 in2 configuration was
used to grow the tunnel diode structures on Ge substrates.
The n- and p-GaAs layers were highly doped with Te �Nd

=1�1019 cm−3� and C �Na=3�1019 cm−3�, respectively.
About 1% of In was added to the GaAs in order to achieve
lattice match to Ge. Ellipsometric characterization confirmed
the optical parameters to correspond well to those of GaAs in
the literature.2 In the following, these Ga0.99In0.01As layers
will be referred to as GaAs. The tunnel diode devices have
been processed by common wet-chemical processing. They
were etched to mesa structures with 0.7 mm diameter and
plated with metal contacts on top and bottom. Current-
voltage �I-V� characterization presented in Fig. 1 �closed
circles� was performed via a four-wire measurement
technique.

The tunneling current can be conditioned by several pos-
sible tunneling mechanisms,3–13 namely, �i� direct band-to-
band tunneling, �ii� phonon-assisted tunneling through de-
fects, and �iii� resonant tunneling through defects. For
different applied voltages different tunneling mechanisms
can be dominant. Of highest importance is the tunneling
mechanism responsible for the high peak current at low ap-
plied voltages. In order to reveal this mechanism, one should
calculate the current at low applied voltages on the basis of
different tunneling mechanisms and compare the obtained
results. We performed these calculations for tunnel diode
structures studied experimentally as described above. The
parameters of the junction used in our calculations are col-

lected in Table I. We consider the tunnel diode as an abrupt
junction of degenerate n-type and p-type semiconductors
with quasi-Fermi levels Fn and Fp. In this approximation, the
profiles of the conduction and valence band edges Ec�x� and
Ev�x� across the depletion layer of the junction with the
thickness d=dn+dp �dn and dp are the thicknesses of the
depletion layers in n-type and p-type semiconductors, re-
spectively� can be obtained by simple analytical expressions
�for example, see Ref. 14�. The corresponding energy dia-
gram in the case of thermal equilibrium is shown in Fig. 2.
Note that all energies are measured from the bottom of the
conduction band in the bulk of the n-type semiconductor Ec,0

�n�

and all coordinates are measured from the starting point of
the depletion layer in the n-type semiconductor.

The current density jbb through this junction provided by
the direct band-to-band tunneling, i.e., by tunneling of elec-
trons with energy E from the conduction band of the n-type
semiconductor into the valence band of the p-type semicon-
ductor can be calculated according to Ref. 15
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FIG. 1. Experimental I-V data �solid circles� along with theoretical results
for the resonant tunneling �stars� and for the joint effects of resonant and
nonresonant tunneling �solid squares� through defects �Nt=5�1014 cm−3�.
The insert shows the I-V curves calculated for the direct band-to-band tun-
neling �open squares� and for the nonresonant tunneling through defects
�open circles�.
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jbb =
e

2��
�

0

Ev,0
�p�

�n2D�Fn − E� − n2D�Fp − E��TD�E�dE ,

�1�

where

n2D�E� = �mk0T/��2�ln�1 + eE/k0T� �2�

represents the density of electrons in a two-dimensional elec-
tron gas, m is the effective mass, k0 is the Boltzmann con-
stant, T is the lattice temperature, and Ev,0

�p� is the valence
band edge in the bulk of the p-type semiconductor. The
transmission coefficient TD through the potential barrier can
be calculated either using the Wentzel–Kramers–Brillouin
approximation,16 or the global transfer matrix technique.17,18

We use the latter approach. This method requires to approxi-
mate the actual potential profile by a set of narrow regions of
constant potential in a stepwise manner. Then, the total trans-
fer matrix and the total transmission coefficient through the
arbitrary shaped potential barrier can be calculated by se-
quential multiplication of partial transfer matrices, each char-
acterizing the transfer of an electron through the individual
rectangular potential barrier. The results of our calculations
in the case of direct band-to-band tunneling are presented in
Fig. 1 �open squares in the insert�. One can see that the
calculated current is too low to explain the experimental
data. Therefore, direct band-to-band tunneling cannot ac-
count for the high peak current and tunneling through defects
should be considered.

The tunneling through defects can occur via two differ-
ent processes: phonon-assisted tunneling3–10 and resonant
tunneling.5,11–13 The current jt provided by the phonon-
assisted tunneling can be considered as a tunnel-assisted re-
combination on the trap state Et associated with the defect in
the depletion layer of the junction.9,10 Instead of thermal
emission over the entire trap depth, which is the only escape
mechanism possible in the absence of the electric field in the
junction, in real p-n junctions carriers can also be emitted by
thermal excitation over only a fraction of the trap depth,
followed by tunneling through the remaining potential bar-
rier. It is also true for the recombination process on the trap.
Consequently, jt can be calculated according to

jt = e�
0

d

Rt�x�dx , �3�

where the tunneling-assisted recombination coefficient Rt
can be calculated by the modified Shockley–Read–Hall
formula,9,10 where instead of conventional lifetimes of the
electrons �n and holes �p, the effective lifetimes �n

eff=�n / �1
+�n� and �p

eff=�p / �1+�p� are used. These effective lifetimes
are reduced due to tunneling effects by the factors9,10

�n = �k0T�−1�
0

�En

eE/k0TTD�E�dE , �4a�

�p = �k0T�−1�
0

�Ep

eE/k0TTD�E�dE , �4b�

where for a given spatial location of the trap Et�x�, the inte-
gration limit �En is determined by the difference between
the local edge Ec�x� of the conduction band, and either Et�x�
or Ec,0

�n� depending on which of them is closer to Ec�x�. The
same can be said for �Ep, considering Ev�x� instead of Ec�x�
and Ev,0

�p� instead of Ec
0.

In order to calculate the defect-assisted tunnel current,
one has to know the energy level of the defect centers and
the recombination lifetimes of electrons and holes, controlled
by these centers. We assume that the major defects in our
structures are similar to the oxygen-related defects with en-
ergy level Et=−0.75 eV Ref. 19 homogeneously distributed
in the depletion layer of the n-GaAs / p-GaAs junction with
concentrations below Nt�1015 cm−3. The recombination
lifetimes were determined according to their relation to the
corresponding recombination coefficients �n and �p: �n
= �Nt�n�−1, �p= �Nt�p�−1. The value �n�7�10−9 cm3 s−1 is
known.19 The value �p for oxygen-related centers in GaAs is,
however, not known precisely. Our calculations show that
the variation of �p in the range from �p�5�10−10 to 5
�10−9 cm3 s−1 does not change the current-voltage charac-
teristics essentially and that current in the case of light holes
is significantly higher than that for heavy holes. Light holes
contribute more than heavy holes to the tunnel-assisted cur-
rents due to their larger effective radius. Since the effective
mass of the light holes mp

l �0.082me differs only slightly
from that of electrons mn�0.063me, and since the oxygen-
related energy level in GaAs is situated nearly in the middle
of the energy gap, the values of �p chosen close to �n seem
to be reasonable. The results of our calculations are sensitive
to the choice of the defect concentration. By taking different
values of Nt and comparing the obtained theoretical results
with the experimental data, one can conclude that the values

TABLE I. Parameters of n-GaAs / p-GaAs homojunction in thermal equilib-
rium.

Parameter Value

Nd 1019 cm−3

Na 3�1019 cm−3

Eg
a 1.43 eV

	a 12.9
mn

a 0.063me

mp
ha 0.051me

mp
l a 0.082me

d 175 Å
dn 135 Å
dp 40 Å

Fn=Fp 0.232 eV

aReference 2.

FIG. 2. Energy diagram of n-GaAs / p-GaAs homojunction in the thermal
equilibrium.
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of the observed peak current could be achieved in the regime
of nonresonant tunneling assuming the concentration of de-
fects as high as Nt�8�1015 cm−3. This concentration seems
unreasonably large. Moreover, even in such a case, the volt-
age corresponding to the maximum of the current would be
much higher than the one observed experimentally and
shown in Fig. 1. Furthermore, at such high defect concentra-
tions the resonant tunneling process considered below would
give much larger currents than those obtained by the expres-
sion �3�. The insert of Fig. 1 shows the I-V dependence �open
circles� obtained in the case of nonresonant tunneling
through defects with �p=2�10−9 cm3 s−1 and Nt=5
�1014 cm−3. Although the values of the current density ob-
tained on the basis of the defect-assisted nonelastic tunneling
are much higher than those in the case of direct band-to-band
tunneling �open squares�, they are still much lower than the
experimentally obtained values �solid circles�. On the other
hand, as it will become clear from below, for Nt=5
�1014 cm−3 the resonant tunneling through oxygen-related
defects would give a good agreement between the theoretical
results and the experimental data. Therefore, one can exclude
nonresonant currents as dominant process in the range of
voltages corresponding to the peak current.

Let us now turn to the resonant tunneling through de-
fects. We use the model proposed in Ref. 13. According to
this model, a defect in a tunnel junction can be represented
by a square potential well dividing the whole potential bar-
rier into two potential barriers. Then, the resonant tunneling
through defects can be considered as a double barrier prob-
lem. The electron transmission coefficient Ttot for one type of
defects with the concentration Nt and the capture cross sec-
tion 
 is given by13

Ttot = 
Nt
2/3Tres, �5�

where the resonant transmission coefficient Tres is given by

Tres = T1T2�1 + R1R2 − 2�R1R2 cos ��−1. �6�

T1 and T2 are the transmission coefficients through potential
barriers surrounding the potential well �representing the de-
fect� at the left and right sides, respectively, R1=1−T1 and
R2=1−T2 are the corresponding reflection coefficients from
the barriers and �=2kdW+�1+�2 is the phase angle deter-
mined by the electron wave number k in the well, dW is the
width of the well, and �1 and �2 are the phase changes during
the reflection from the left and the right walls of the well,
respectively. The corresponding current density can be cal-
culated according to Eq. �1� although using Ttot from Eq. �5�
instead of TD. The resonance takes place at energy Eres that
satisfies the condition �=2�n with integer n. The transmis-
sion rises dramatically near the resonance and it reaches its
maximum value of unity if the structure is symmetric in the
sense that T1=T2, when there is perfect total transmission
through the double barrier whatever opaque the individual
barriers can be. In the case of a uniform distribution of de-
fects in the junction, the condition of maximum resonant
current depends on the applied voltage Vapp and on the en-
ergy level of the defect Et. Besides, according to Eqs. �5� and

�6�, other important parameters for calculation of the reso-
nant tunneling current are the capture cross section 
 and the
defect concentration Nt. The cross-section can be determined
according to 
=�n�v̄T�−1, where v̄T is the thermal velocity of
an isolated electron. For defects with Et=−0.75 eV at T
=300 K we have 
�7�10−16 cm2 which is in good agree-
ment with experimental data.19 Our calculations show that
the resonant tunneling is able to account for the observed
peak current at the appropriate applied voltage, provided the
value of Nt is about 5�1014 cm−3. This value is considerably
less than the oxygen detection limit of �1015 cm−3 in the
secondary-ion-mass spectroscopy measurements performed.
The corresponding I-V dependences in the case of the reso-
nant tunneling through defects �stars� as well as in the case
of joint consideration of resonant and nonresonant tunneling
�solid squares� are shown in Fig. 1. By comparing these re-
sults to experimental data �solid circles�, we come to the
conclusion that the resonant tunneling is the dominant trans-
port mechanism at voltages corresponding to the peak cur-
rent. Furthermore, a comparison between experimental data
and the theoretical calculations reveals the concentration of
defects Nt in the sample under study.
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