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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 thropghradiode structure. The
second derivative of thé-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-Starkthe electric current through tunneling structures is based on
resonances in the electric current througtp-&-n diode. the empirical tight-binding theoR/"**which allows one to
Wannier-Stark resonances have been well studied and olproperly take into account many electronic bands as well as
served by optical techniquég,but only a few preliminary dc ~ spatially inhomogeneous electric fields. This theory has en-
current experiments have been reported that reveal thi@bled one to calculate the Zener current through any type of
effect®=S In the present case, the current is caused by Zendeterostructured!*and predict the resonant Zener current.
tunneling from thep region into the high-field intrinsic re- ~ The physical mechanism giving rise to the resonant Zener
gion and out again into thB region and becomes resonant current can be |”Ustrated by a SChema“C band d|agram Of a
through the buildup of Wannier-Stark resonances within the?-i-n diode as shown in Fig. 1. In the intrinsic region of the
intrinsic region of thep-i-n diode. p-i-n diode, there are two barriers that enhance the confine-

Zener tunneling has attracted much attention since th&ent of carriers in the central area. By applying a sufficiently
early days of semiconductor science. It consists of an interbigh reverse voltage, the valence band ingthregion and the
band tunneling of carriers through the forbidden energy gagonduction band in tha region start to overlap in energy, so
between the energy bandsl and norma”y leads to a Smooihat a ballistic current can flow through the forbidden gap.
increase of the current as a function of reverse bias untif Nis is the Zener tunneling current that normally increases
breakdown occurs. Resonant Zener tunneling, however, is dionotonously with the reverse voltage. In the present case,
unusua' phenomenon that haS been predicted in Ref 6 @Wever, the fOI’mation Of quaSi|Oca|ized e|eCtriC-fie|d-
occur inp-i-n diodes but has proven to be extremely difficult dependent states in the quantum well can lead to resonances
to observe. Recently, a modulated Zener current due to 10D the Zener current. Once a quasilocalized state becomes
calized carriers has been observed in multiquantum welf€sonant, it will contribute to the current also for higher volt-
structures but the origin of the modulation has not been ana-
lyzed in detail yet.™®

In principle, the resonant Zener tunneling effect resembles
the well-known resonant tunneling effect in multiquantum
wells which is very well understood. However, the combina-
tion of field-dependent barriers, multiband effects, and high
spatially inhomogeneous electric-field effects has hampered
the study of electrically driven and ballistic Wannier-Stark-
induced resonant tunneling phenomena so far. A

The complex valence-band structure and the different ef- (5x10 "em™)
fective masses of valence and conduction bands render the
conventional effective-mass approximation less useful for a
detailed theoretical understanding of the Zener tunneling.

n-GaAs
(5x1 o' ch'a)

GaAs(150A)

The most common theoretical approach for the Zener tunnel- GaAs

ing current® has been a combination &-p perturbation (304)

theory and the WKB method, but assumes homogeneous

electric fields, which is not suitable for the presgnt-n FIG. 1. Schematic band diagram of the sample used in this

diode. A more general and realistic approach for calculatingtudy.
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FIG. 2. Schematic setup for measurements of derivative of
current-voltage characteristics.
or 10

ages so that we may expect a steplike increase of the Zener '
tunneling current with reverse bias.

The sample structure used in this study is shown in Fig. 1.
A quantum well of AIAg20 A)-GaAg150 A)-AlAs(20 A) FIG. 3. Measured current-voltage characteristics are shown by

is set into the intrinsic region of p-i-n diode of GaAs. The  sojid curve. The first and the second derivative are shown by dotted
doping concentration is 5:010'® cm™2 for both thep and  and dashed curves, respectively.

the n regions. Between the quantum wells and the doped

regions, 30-A nondoped GaAs spacer layers have been ifvely, which have been obtained by using the lock-in tech-

serted so as to prevent the diffusion of dopant ions into thejjque described above. The latter two curves are plotted in

quantum well. arbitrary units with some relative offset. We note that there is
In order to measure the tunneling current, the sample wag tradeoff in setting the values for the ac voltage as given

fer has been etched into a mesa structure with 2Qpove. A high value o¥,. enhances the signal, but simulta-

X 20 um? sized mesas. Since the signal due to current resceously enhances the neglected higher order terms iflEq.

nances is expected to be very weak, we have measured thghich also contribute to the and 2» components of the

derivative of tunneling current by USing a lock-in teChnique.Current_ ThUS, we have reduced the ac V0|tage amp“‘tqge

A schematic graph of the setup is depicted in Fig. 2. We hav@s much as possible. Still, it is difficult to evaluate the abso-

applied a dc reverse bias to the sample that has been set inf@e values of the derivative signals, and we have not at-
a cryostat. In addition, a small amplitude ac voltage has beegmpted to do so.

applied from a function generator. We can write the curtent  The second derivative curve exhibits clear peaks in the

as voltage region between 0.8 and 2.4 V. While the structures in
the first derivative curve are much weaker, the peak positions
of both curves are consistent with one another. This is shown
di 1 4 in_ Fig. 4_, V\_/here we compare th_e data obtained by numerical
=1 (Vgo) + == VacCOL wt) + = —— [V, .COf wt) %+ - - - differentiation of the first derivative curve with the measured
dv 2 dv? second derivative of the current. While the reliability of
structures in a merely numerically calculated derivative of
noisy data is always debatable, it is the good one-to-one
correspondence between the peak positions of both curves in
the present case that indicates these current maxima to con-
whereV . is the dc voltage an¥l .. is the amplitude of the ac stitute physically significant resonances indeed.
voltage with frequencyw. This equation indicates that one  In order to analyze these signals in detail, we have calcu-
can measure the first derivative of the current by picking ugated the Zener tunneling current by using g@s* empiri-
the @ component of the current. In a similar way, the secondcal tight-binding theor}f with the parameters given in Ref.
derivative can be obtained from theZomponent, employ- 6. The Zener current density as a function of the applied
ing a lock-in amplifier. We have chosen 60 mV and 80 mVreverse voltag®/ is given by
for the amplitude of the ac voltage for the first and second
derivative measurements, respectively. The frequency of the -
ac voltage has been set to 1100 Hz and all measurements (V)= 3 > f dkHJ dET(nk—n'ky(E,V)
have been carried out at 4.2 K. (2m)%h o0’

The results of our measurements are depicted in Fig. 3. X[ f o Eni) = Fo( Enri —€V+Vp)], ®)
The solid curve shows the measured current-voltage charac-
teristics, whereas the dotted and the dashed curves represeavtiere E,, is the electronic energy for band and wave
the first and the second derivative characteristics, respewector k in the (field-free asymptoticn and p regions,

Applied Reverse Voltage (V)

| =1[Vgct VacCOS wt) ]

dl V2 d?l
=1(Vgo + WVaCCOS(a)t)'f‘T WCOE(Zwt)'F e (D)
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FIG. 4. The solid curve shows Zener tunneling current calcu- N V. e:e“
lated from tight-binding theory. The dashed curve is the measured L W 4
second derivative of current which is already shown in Fig. 3. The — Y Xﬂhf——g'g‘—
dot is second derivative numerically obtained from measured first
derivative curve.

f(En) (c=n,p) are the Fermi distribution function in these FIG. 5. Band-edge profile and gharge densities _in th_e quantum
regions, andVp, is the built-in voltage drop at the contacts well calculated based on the effective mass approximation.
due to thep-n junction. Tn_.n ) (E,V) is the tunneling _ o _ _ _
probability from the valence-band states in fh@egion to  atomic layer with its adjacent layer, aMj is voltage in the
the conduction-band states in theegion. It can be written jth atomic layer. This matriX; can be written in terms of
as the tight-binding couplings between adjacent atomic orbitals.
Therefore, one can calculat&,, /f|? from Egs.(4) and
Uik (5) by connecting the amplitudes layer by layer. In order to
Uk 3) avoid numerical instabilities, we have used the method de-
) o ) veloped in Ref. 12.
wheref, andf, are the amplitudes of the initial and final | Fig. 4, the solid curve shows theV characteristics as
statesink) and|n’k’), respectively, and the electron veloci- calculated from Eqg2)—(5). We have not carried out the full
ties of these states are denoted iy and v, respec- n-planark; integration but evaluated the integrand only at
tively. These amplitudes of the electronic states can be ofy, = (0,0). This approximation is reasonably well justified in
tained from the transfer-matrix equation the present tunneling current calculation, since the lakger

fn/kl

Tink—nrky(E,V)=

fnk

f+ N terms are exponentially suppressed in the tunneling process

n'k’ | Mot Mo fok @) due to the quadratically increasing band gap. Furthermore,
-l IMo, M| we note that the current in Fig. 3 has been plotted on a
fn’k’ + nk

logarithmic scale, whereas the derivative curves are not. This
with the scattering boundary conditidfj, =1 andf_, ,=0. is inadequate for a quantitative comparison between experi-
Here, the superscriptst indicate the direction of the ment and theory, which is beyond the scope of this paper.
electronic motion. We note that our notation actually corre-However, the plots in Figs. 3 and 4 clearly show the good
sponds to a single-band case, which we give here for the sal@rrespondence between the calculated and measured peak
of clarity but the full multiband expressidft*3has been Ppositions. This kind of agreement indicates that the peaks in
used in the calculations. In E¢4), the transfer-matriM is ~ the measured derivative characteristics are indeed due to the
given by resonant Zener tunneling current.
In order to further confirm the physical origin of the ob-
i served resonances, we have calculated the electronic energies
M:SpH Ti(kj, E=V))Sy, (5 and wave functions by using a simple effective-mass ap-
proximation. Although it is possible to calculate the wave
whereS; andS; are the eigenvector matrices correspondingfunctions directly from the tight-binding theory, their enve-
to the electron states in thgeandn region, respectivelyT; is  lopes reflect their character and shape more transparently
a matrix that connects the scattering amplitude at jtfe  than the complete atomic wave functions and suffice for the
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present comparison. Figure 5 shows the calculated band- The states ele3 and ele4 are actually seen to be semicon-
edge profiles for applied reverse voltages of 0.72, 0.88, 1.3%ined states at the voltage shown in Fig. 5. Their extended
1.54, and 1.90 V, respectively. These voltages correspond ttharacter enhances the resonant effect, which explains why
those where the measured second derivatives of Zener cuhe calculated peaks labeled 4 and 5 in Fig. 4 are more pro-
rent exhibits maxima. In addition to the band edges, Fig. Sounced than the other ones. In the measured signals, how-
depicts the charge densities of the low-lying quasiboundever, we cannot clearly identify this effect. This may be due
states. In the first diagraittabeled by 0.72 ¥, we see that to nonresonant current contributions, which certainly tend to
the first resonant statgabeled elelis aligned with the top get stronger with larger reverse bias.
of the valence band in thp region. This corresponds pre-  There are a few studies that have observed modulation in
cisely to a resonance condition, where the localized WannieiZener current due to embedded two quantum weflsin
Stark state resonantly enhances the tunneling probabilitthese studies, however, the modulation is attributed to the
from the valence-band edge of thperegion and into the resonance between electron and hole in the adjacent wells.
conduction band of tha region. Similarly, at the voltages of On the other hand, the present data are from the sample with
1.32, 1.54, and 1.90 V, the higher-lying electronic states ele2a single quantum well, and clearly indicate the interaction
ele3, and ele4 become aligned with the top of the valenceetween ballistic Zener tunneling electrons and the quasilo-
band, respectively, which fits very nicely to the observedcalized state in the quantum well.
peak positions in the current derivatives. This clear corre- In conclusion, we have measured the resonant Zener tun-
spondence allows us to ascribe the measured peaks to theling current through a-i-n diode with a quantum well in
resonant Zener tunneling effect due to localized Wannierits intrinsic region that forms localized Wannier-Stark reso-
Stark electronic states in the intrinsic region. nances. In addition to current, we have measured the first and
As one may expect from a simple effective-mass approxisecond derivatives of the current. We find these derivative
mation, not all of the observed peaks can be uniquely attribeharacteristics to show several pronounced peaks that show
uted to some resonance. In the diagram labeled by 0.88 V, fayood correspondence with the calculated Zener current and
example, the valence-band edge is not in resonance witthe energetic positions of the localized electronic states
some of the localized states. The current peak at 0.88 V mawithin the intrinsic region. These results clearly indicate that
be due to a light-hole staiéabeled Ih}, although the align- we have been able to observe the resonant states all electri-

ment is not perfect in the effective-mass calculation. cally in the Zener current.
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