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Resonant effect of Zener tunneling current
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We report the observation of a resonant effect of the Zener current through ap-i -n diode structure. The
second derivative of theI -V characteristics, measured with a lock-in technique, shows several pronounced
peaks. These peaks indicate that quasilocalized states in a quantum well in the intrinsic region are in resonance
with Zener current. A calculation of the tunneling current based on tight-binding theory shows good agreement
with our experimental results. The same holds for the calculated energetic positions of the localized electronic
states. Altogether, these results indicate that the Zener current gets modulated due to Wannier-Stark resonances.
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In this paper, we report the observation of Wannier-St
resonances in the electric current through ap-i -n diode.
Wannier-Stark resonances have been well studied and
served by optical techniques,1,2 but only a few preliminary dc
current experiments have been reported that reveal
effect.3–5 In the present case, the current is caused by Ze
tunneling from thep region into the high-field intrinsic re
gion and out again into then region and becomes resona
through the buildup of Wannier-Stark resonances within
intrinsic region of thep-i -n diode.

Zener tunneling has attracted much attention since
early days of semiconductor science. It consists of an in
band tunneling of carriers through the forbidden energy
between the energy bands, and normally leads to a sm
increase of the current as a function of reverse bias u
breakdown occurs. Resonant Zener tunneling, however, i
unusual phenomenon that has been predicted in Ref.
occur inp-i -n diodes but has proven to be extremely difficu
to observe. Recently, a modulated Zener current due to
calized carriers has been observed in multiquantum w
structures but the origin of the modulation has not been a
lyzed in detail yet.7–9

In principle, the resonant Zener tunneling effect resemb
the well-known resonant tunneling effect in multiquantu
wells which is very well understood. However, the combin
tion of field-dependent barriers, multiband effects, and h
spatially inhomogeneous electric-field effects has hampe
the study of electrically driven and ballistic Wannier-Star
induced resonant tunneling phenomena so far.

The complex valence-band structure and the different
fective masses of valence and conduction bands rende
conventional effective-mass approximation less useful fo
detailed theoretical understanding of the Zener tunnel
The most common theoretical approach for the Zener tun
ing current10 has been a combination ofk•p perturbation
theory and the WKB method, but assumes homogene
electric fields, which is not suitable for the presentp-i -n
diode. A more general and realistic approach for calculat
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k

b-

is
er

e

e
r-
p
th

til
an
to

o-
ll
a-

s

-
h
d

f-
he
a
g.
l-

us

g

the electric current through tunneling structures is based
the empirical tight-binding theory,6,11–13which allows one to
properly take into account many electronic bands as wel
spatially inhomogeneous electric fields. This theory has
abled one to calculate the Zener current through any typ
heterostructures,6,14,15and predict the resonant Zener curre

The physical mechanism giving rise to the resonant Ze
current can be illustrated by a schematic band diagram
p-i -n diode as shown in Fig. 1. In the intrinsic region of th
p-i -n diode, there are two barriers that enhance the confi
ment of carriers in the central area. By applying a sufficien
high reverse voltage, the valence band in thep region and the
conduction band in then region start to overlap in energy, s
that a ballistic current can flow through the forbidden ga
This is the Zener tunneling current that normally increa
monotonously with the reverse voltage. In the present c
however, the formation of quasilocalized electric-fiel
dependent states in the quantum well can lead to resona
in the Zener current. Once a quasilocalized state beco
resonant, it will contribute to the current also for higher vo

FIG. 1. Schematic band diagram of the sample used in
study.
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ages so that we may expect a steplike increase of the Z
tunneling current with reverse bias.

The sample structure used in this study is shown in Fig
A quantum well of AlAs~20 Å!–GaAs~150 Å!–AlAs~20 Å!
is set into the intrinsic region of ap-i -n diode of GaAs. The
doping concentration is 5.031018 cm23 for both thep and
the n regions. Between the quantum wells and the dop
regions, 30-Å nondoped GaAs spacer layers have been
serted so as to prevent the diffusion of dopant ions into
quantum well.

In order to measure the tunneling current, the sample
fer has been etched into a mesa structure with
320 mm2 sized mesas. Since the signal due to current re
nances is expected to be very weak, we have measure
derivative of tunneling current by using a lock-in techniqu
A schematic graph of the setup is depicted in Fig. 2. We h
applied a dc reverse bias to the sample that has been se
a cryostat. In addition, a small amplitude ac voltage has b
applied from a function generator. We can write the curreI
as

I 5I @Vdc1Vaccos~vt !#

.I ~Vdc!1
dI

dV
Vaccos~vt !1

1

2

d2I

dV2
@Vaccos~vt !#21•••

5I ~Vdc!1
dI

dV
Vaccos~vt !1

Vac
2

4

d2I

dV2
cos~2vt !1•••, ~1!

whereVdc is the dc voltage andVac is the amplitude of the ac
voltage with frequencyv. This equation indicates that on
can measure the first derivative of the current by picking
thev component of the current. In a similar way, the seco
derivative can be obtained from the 2v component, employ-
ing a lock-in amplifier. We have chosen 60 mV and 80 m
for the amplitude of the ac voltage for the first and seco
derivative measurements, respectively. The frequency of
ac voltage has been set to 1100 Hz and all measurem
have been carried out at 4.2 K.

The results of our measurements are depicted in Fig
The solid curve shows the measured current-voltage cha
teristics, whereas the dotted and the dashed curves repr
the first and the second derivative characteristics, res

FIG. 2. Schematic setup for measurements of derivative
current-voltage characteristics.
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tively, which have been obtained by using the lock-in tec
nique described above. The latter two curves are plotted
arbitrary units with some relative offset. We note that there
a tradeoff in setting the values for the ac voltage as giv
above. A high value ofVac enhances the signal, but simulta
neously enhances the neglected higher order terms in Eq~1!,
which also contribute to thev and 2v components of the
current. Thus, we have reduced the ac voltage amplitudeVac
as much as possible. Still, it is difficult to evaluate the ab
lute values of the derivative signals, and we have not
tempted to do so.

The second derivative curve exhibits clear peaks in
voltage region between 0.8 and 2.4 V. While the structure
the first derivative curve are much weaker, the peak positi
of both curves are consistent with one another. This is sho
in Fig. 4, where we compare the data obtained by numer
differentiation of the first derivative curve with the measur
second derivative of the current. While the reliability
structures in a merely numerically calculated derivative
noisy data is always debatable, it is the good one-to-
correspondence between the peak positions of both curve
the present case that indicates these current maxima to
stitute physically significant resonances indeed.

In order to analyze these signals in detail, we have ca
lated the Zener tunneling current by using thesp3s* empiri-
cal tight-binding theory16 with the parameters given in Re
6. The Zener current density as a function of the appl
reverse voltageV is given by

j ~V!5
2e

~2p!3\
(
n,n8

E dki E dET(nk→n8k8)~E,V!

3@ f p~Enk!2 f n~En8k82eV1VD!#, ~2!

where Enk is the electronic energy for bandn and wave
vector k in the ~field-free! asymptotic n and p regions,

f

FIG. 3. Measured current-voltage characteristics are shown
solid curve. The first and the second derivative are shown by do
and dashed curves, respectively.
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f c(Enk) (c5n,p) are the Fermi distribution function in thes
regions, andVD is the built-in voltage drop at the contac
due to thep-n junction. T(nk→n8k8)(E,V) is the tunneling
probability from the valence-band states in thep region to
the conduction-band states in then region. It can be written
as

T(nk→n8k8)~E,V!5U f n8k8
f nk

U2vn8k8
vnk

, ~3!

wheref nk and f n8k8 are the amplitudes of the initial and fina
statesunk& and un8k8&, respectively, and the electron veloc
ties of these states are denoted byvnk and vn8k8 , respec-
tively. These amplitudes of the electronic states can be
tained from the transfer-matrix equation

F f n8k8
1

f n8k8
2 G5FM 11 M 12

M 21 M 22
GF f nk

1

f nk
2 G ~4!

with the scattering boundary conditionf nk
1 51 and f n8k8

2
50.

Here, the superscripts6 indicate the direction of the
electronic motion. We note that our notation actually cor
sponds to a single-band case, which we give here for the
of clarity but the full multiband expression6,11–13 has been
used in the calculations. In Eq.~4!, the transfer-matrixM is
given by

M5Sp
†)

j
Tj~ki ,E2Vj !Sn , ~5!

whereSp andSn are the eigenvector matrices correspond
to the electron states in thep andn region, respectively.Tj is
a matrix that connects the scattering amplitude at thej th

FIG. 4. The solid curve shows Zener tunneling current cal
lated from tight-binding theory. The dashed curve is the measu
second derivative of current which is already shown in Fig. 3. T
dot is second derivative numerically obtained from measured
derivative curve.
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atomic layer with its adjacent layer, andVj is voltage in the
j th atomic layer. This matrixTj can be written in terms of
the tight-binding couplings between adjacent atomic orbita
Therefore, one can calculateu f n8k8 / f nku2 from Eqs.~4! and
~5! by connecting the amplitudes layer by layer. In order
avoid numerical instabilities, we have used the method
veloped in Ref. 12.

In Fig. 4, the solid curve shows theI–V characteristics as
calculated from Eqs.~2!–~5!. We have not carried out the ful
in-planarki integration but evaluated the integrand only
ki5(0,0). This approximation is reasonably well justified
the present tunneling current calculation, since the largeki
terms are exponentially suppressed in the tunneling pro
due to the quadratically increasing band gap. Furtherm
we note that the current in Fig. 3 has been plotted o
logarithmic scale, whereas the derivative curves are not. T
is inadequate for a quantitative comparison between exp
ment and theory, which is beyond the scope of this pa
However, the plots in Figs. 3 and 4 clearly show the go
correspondence between the calculated and measured
positions. This kind of agreement indicates that the peak
the measured derivative characteristics are indeed due to
resonant Zener tunneling current.

In order to further confirm the physical origin of the ob
served resonances, we have calculated the electronic ene
and wave functions by using a simple effective-mass
proximation. Although it is possible to calculate the wa
functions directly from the tight-binding theory, their env
lopes reflect their character and shape more transpare
than the complete atomic wave functions and suffice for

FIG. 5. Band-edge profile and charge densities in the quan
well calculated based on the effective mass approximation.
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present comparison. Figure 5 shows the calculated ba
edge profiles for applied reverse voltages of 0.72, 0.88, 1
1.54, and 1.90 V, respectively. These voltages correspon
those where the measured second derivatives of Zener
rent exhibits maxima. In addition to the band edges, Fig
depicts the charge densities of the low-lying quasibou
states. In the first diagram~labeled by 0.72 V!, we see that
the first resonant state~labeled ele1! is aligned with the top
of the valence band in thep region. This corresponds pre
cisely to a resonance condition, where the localized Wann
Stark state resonantly enhances the tunneling probab
from the valence-band edge of thep region and into the
conduction band of then region. Similarly, at the voltages o
1.32, 1.54, and 1.90 V, the higher-lying electronic states e
ele3, and ele4 become aligned with the top of the vale
band, respectively, which fits very nicely to the observ
peak positions in the current derivatives. This clear cor
spondence allows us to ascribe the measured peaks to
resonant Zener tunneling effect due to localized Wann
Stark electronic states in the intrinsic region.

As one may expect from a simple effective-mass appro
mation, not all of the observed peaks can be uniquely att
uted to some resonance. In the diagram labeled by 0.88 V
example, the valence-band edge is not in resonance
some of the localized states. The current peak at 0.88 V
be due to a light-hole state~labeled lh1!, although the align-
ment is not perfect in the effective-mass calculation.
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The states ele3 and ele4 are actually seen to be sem
fined states at the voltage shown in Fig. 5. Their exten
character enhances the resonant effect, which explains
the calculated peaks labeled 4 and 5 in Fig. 4 are more
nounced than the other ones. In the measured signals, h
ever, we cannot clearly identify this effect. This may be d
to nonresonant current contributions, which certainly tend
get stronger with larger reverse bias.

There are a few studies that have observed modulatio
Zener current due to embedded two quantum wells.7–9 In
these studies, however, the modulation is attributed to
resonance between electron and hole in the adjacent w
On the other hand, the present data are from the sample
a single quantum well, and clearly indicate the interact
between ballistic Zener tunneling electrons and the quas
calized state in the quantum well.

In conclusion, we have measured the resonant Zener
neling current through ap-i -n diode with a quantum well in
its intrinsic region that forms localized Wannier-Stark res
nances. In addition to current, we have measured the first
second derivatives of the current. We find these deriva
characteristics to show several pronounced peaks that s
good correspondence with the calculated Zener current
the energetic positions of the localized electronic sta
within the intrinsic region. These results clearly indicate th
we have been able to observe the resonant states all ele
cally in the Zener current.
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