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Ve report measurements of the low DC field conductance and the nonlinear |V character-
istics of GaAs/AlGaAs multiquantum well superlattices subniitted to intense AC electric
fields in the terahertz frequency range. The DC conductance exhibits an oscillatory behav-
ior asafunction of tlie terahertz field strength that resembles tlie zero order Bessel function,
Jy(edE/Tliw), where ¢, d, and E are the electron charge, superlattice period and AC field
strength respectively. The nonlinear DC IV characteristics display new steps and plateaus
when the superlattices are subjected to the terahertz fields. The depenclency of this new
structure in the IV curves on frequency shows that the AC fields introduce new electronic
conduction cliannels via photon mediated sequential tunneling.

|. Introduction

The electrical transport properties of structures
with a spatial periodicity subjected to intense sub-
millinieter weve radiation have been extensively inves-
tigated theoretically. The simultaneous presence of
strong spatial and temporal modulations is expected to
lead t0 some striking effects. In fact, the original pro-
posal of semiconductor superlattices™? was motivated
by the strong non-linear high frequency phenomena ex-
pected for such structures. R self-induced transparency
effcct was predicted by Ignatov and Romanovi®4. They
calculated thz high frequency electrical conductivity
of superlatticzs and found that the current excited in
a superlattice of spatial periodicity d by an AC field
E = F; cos(w!) is proportional to the zero order Bessel
function Jy(wp/w), where wp = eFyd/h is the Bloch
frequency. Therefore, the curreiit should vanish at the
zeros of Jy, i.e., the superlattice is “transparent” for
certain combinations of values of magnitude and fre-
quency of electric field and superlattice pcriod. Similar
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calculations performed by Pavlovich and Epshteinl®:©]

for superlattices submitted to hoth strong AC and DC
electric fields show several regions of negative differen-
tial and absolute conductivities in the current-voltage
characteristics.

The calculations mentioned above are based on a
semi-classical description of superlattice transport{™.
A quantum mechanical treatment(®, based on Floquet
theory, shows a collapse of the superlattice minibands
at certaiii values of AC electric field magnitude, Ejs.
The minibands widths are predicted to become close to
zero at the same values of Fy where Jo(wp/w) goes to
zero. The appearance of Bessel functions with thegiven
argument iS ubiquitous to theories describing periodic
structures in intense AC electric fields. This includes
superlattices with minibands as well as those with thick
potential barriers, in which the electrical transport oc-
curs via sequential tunneling.

Most of the theoretical work on electrical trans-
port in periodic structures suhmitted to intense high
frequency fields has consiclered only the coherent tun-
neling case. An early work by Kazarinov and Surisl?
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analyses conduction in the sequential tunneling regime
and it is predicted that under strong AC and DC fields
one should obtain amplification of the electromagnetic
wave for a certain range of frequencies. Otherwise, com-
paratively little attention has being paid to sequential
tunneling in periodic structures under intense high fre-
quency electric fields.

None of the theoretical predictions has been tested
experimentally until now. The requirements for the
experimental observation of the predicted phenomena
are demanding. One needs intense and high frequency
fields, that is, the conditions wr > 1 and eFyd/hw > 1
must be satisfied. For a semiconductor superlattice,
in which typically d ~ 10nm and 7 =~ 10725, electric
field magnitudes in excess of 10°kV/cm are required for
the near infrared and visible range. For frequencies in
the far infrared, w ~ 10'?Hz, the condition wr > 1
is achieved but fields of the order of several kV’s/cm
are still needed. High power tunable sources in this
frequency range are not readily available.

This paper describes an experimental investigation
of electrical transport properties of semiconductor su-
perlattices submitted to intense AC electric fields in
the terahertz range of frequencies. Far infrared (FIR)
radiation at the kilowatt power level was provided by
the free electron laserst!® of the Center for Free Elec-
tron Laser Studies at the University of California at
Santa Barbara. As shown in the following, the tera-
hertz radiation significantly affects the DC tunneling
conductivity of the superlattices. At low bias the DC
conductance exhibits an oscillatory behavior as a func-
tion of AC field strength that resembles the zero order
Bessel function, Jo(wp/w). The nonlinear DC IV char-
acteristics displays new steps and plateaus which are
due to the introduction of new electronic conduction

channels via photon mediated sequential tunneling.

II. Device characteristics and experimental ar-

rangements

The samples are GaAs/Aly3Gag.7As superlattices
grown by molecular beam epitaxy (MBE). On a nt
GaAs substrate, doped with Si to 1 — 2 x 10%em™3,

the MBE layers are grown in the following sequence:
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a 200nm thick GaAs buffer layer doped with Si, Np =
2% 10¥cm™3; the superlattice, consisting of GaAs wells
and AlGaAs barriers uniformly doped with Si with
Np =2-3x10%em™?; and a 100nm thick n+GaAs cap
layer, with Si doping Np = 2 x 10'3¢cm™3. The width
of the GaAs quantum wells in the superlattice is 25nm
for sample 1, 33nm for sample 2, and 40nm for sample
3. The thickness of the AlGaAs barriers is 4nm, the
same for the three samples. Samples 1 and 2 have 100
superlattice periods, i.e., 100 wells and barriers, while
sample 3 has 50 periods.

For the electrical measurements, square mesas
200um on a side were defined by standard photolitho-
graphic techniques and shallow AuGeNi ohmic contacts
were alloyed on the mesa top as well as the substrate.
Gold wires of 25um diameter were bonded to each con-
tact. The experiments were performed over a temper-
ature range 2-300 K.

The far infrared radiation from the free electron
lasers was coupled to the superlattices using the gold
wire bonded to the top contact as an antenna. The
angle of incidence and polarization direction of the ra-
diation with respect to the antenna were carefully ad-
justed for each experiment in order to maximize the
coupling efficiency. The strength of the coupling can be
qualitatively judged by looking at the size of the FIR-
induced changes in the sample conductivity. However,
there is no quantitative measurement of the coupling
strength and the absolute magnitude of the AC electric
fields in the superlattice structure is not known. For
the free electron lasers used in this work, typical max-
imum power levels are of the order of several kilowatts
at 600 GHz, which focused to a few square mm’s will
generate free space electric fields of the order of several
kilovolts/cm. Tt is assumed that the terahertz electric
field in the superlattices is of this order of magnitude.

At temperatures below approximately 100K, the
vertical electrical transport in all three superlattices
occurs via the sequential tunneling mechanism. Fig.
1 shows the DC current-voltage (I-V) characteristics of
the three superlattices at low temperatures. The I-V
characteristics for each structure are essentially inde-
pendent of temperature below 100K. The curves show
the sequence of steps and plateaus characteristic of the
sequential tunneling regimel!!l. At the lowest biases

the current through the superlattice is controlled by se-
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quential rescnant tunneling from tlie ground state of
one well of the superlattice to the ground state of the
neighboring well. As the bias, aiid so the current, in-
creases, this coiiduction channel saturates. Further in-
creases in the applied voltage will lead to tlie formation
of a high field domain in which the coiiduction occurs
via tunneling from tlie ground state iii one well to tlie
first. excited state iii the neighboring well, followed by
an intra-well relaxation of energy from the excited to
tlie ground state. Due to charge accumulation in the
wells, tlie electric field is not uniform but increases from
tlie negatively biased side of the samplc to the positive
contact. Therefore, tlie high field doinain will appear in
tlic quantum well next totlie positive contact. Tlie high
field domain sxpands with increasing bias until it takes
over the wlio esample. At tliis point tliere is again just
onc conduction mechanism trough tlie whole sample,
tlie tunneling/relaxation process involving the ground
aiid first excited states of the quantum wells. With in-
creasing hias, tliis mechanism also saturates and similar
processes will occur involving higher excited quantum
well states aiid leading to additional steps in the -V
characteristic.
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Figure 1. The current-voltage (I-V) characteristics of tlie
samples measired at low temperatures, in tlie range in
which conduction is primarily via sequential resonant tun-
neling. (a) Sample 1, 25nm quantum wells; (b) sample 2,
33nm wells; and (C) sainple 3, 40nm wells.
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III. Fir-induced changesin the low bias conduc-
tivity

Figs. 2, 3 and 4 show tlie dependence of the low
bias DC conductivity of the samples on the magnitude
of the terahertz electric field. The DC conductivity
was measured applying a constant DC bias to the su-
perlattice and looking for the change in the DC current
across the sainple mhen in the simultaneous presence
of the high frequency electric field supplied hy the free
electron laser. The DC bias was chosen in the region
where tlie electronic conduction is via sequential tun-
neling from ground state in one well to ground state
in tlie next well, i.e., before the first plateau in the I-
V characteristic. Care was taken to eliminatethe small
photo-voltaic current resulting from partialrectification
of tlie AC field due to the intrinsic asymmetry of the
structure and the electrical contacts. The results shown
are essentially tlie same for all temperatures below ap-
proxiinately 100K (in tlie sequential tunneling regime).
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Figure 2. The DC conductivity o the 33nm wells, 4nm bar-
riers superlattice, as afunction of the magnitude o the AC
electric field. Tlie conductivity is normalized to the conduc-
tivity at zero AC field and it is measured with a constant
DC hias of 50mV applied to the sample. The frequency of
tlie AC fidd is 7.2 x 10'! Hz (24cm™)

The terahertz field clearly has a strong effect on the
DC conductivity. For the 33/4nm superlattice (Fig.
2), the conductivity first drops with increasing AC field
strength to about 40% of its valuein the dark, og, then
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rises to around 70% of oy and decreases again to 0.60y
at the highest attainable AC electric field magnitude.
A similar. even more pronounced oscillatory behavior
is seen for the 40/4nm structure (Fig. 3). Tor the
25/4nm superlattice (Fig. 4), it seems that tlie AC field
is not strong enougli to reveal the oscillations in the
conductivity but there is indication that if a higher AC
field magnitude coulcl be achieved, this sample would

also show the oscillatory behavior seen in Figs. 2 and 3.
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Figure 3: Tlie DC conductivity dof tlie 40nm wells, 4nm bar-
riers superlattice, as a function o the magnitude of the AC
electric field. The conductivity is normalized to the conduc-
tivity at zero AC field and it IS measured with a constant
DC bias of 41mV applied to tlie sample. Tlie frequency of
the AC fidd is 6.1 x 10" Hz (20.5cm™").

The oscillating conductivity shown 1n Figs. 2-4 re-
sernble the Bessel function behavior predicted by the
theories mentioned in the mtroduction. The estimated
AC field magnitudes in the samples are adequate to
produce this result. A tentative fit of the experimen-
tal curves with Bessel [unctions of order zero displaced
from the horizontal axis has moderate success. It could
be that experimental problems like parallel conduction
or variation of coupling strength of tlie laser radiation
with its magnitude are distorting tlie shape of tlie con-

ductivity versus AC field magnitude curve.
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Figure 4: Tlie DC conductivity of the 25nm wdls, 4nm bar-
riers Siiperlattice, as a function df the magnitude of the AC
electric field. Tlie conductivity is normalized to the conduc-
tivity at zero AC fiedd and it is measured with a constant
DC bias o 36mV applied to the sample. The frequency of

the AC fidd is 6.1 x 10'! Hz (20.5cm™).
Alternatively, it is possible that the oscillations in
the superlattice potential clue to the AC field lead to
the oscillations in the conductivity. As the AC field
magnitude is increased, the overlap in energy of the
ground state i1l one well with the ground state in the
neighboring wells, averaged over one period of the laser
radiation, will decrease. Therefore, the tunneling prob-
ability decreases and the conductivity drops. The con-
ductivity will rise again when the time-averaged overlap
in energy between energy levels in neighboring wells in-
creases. This should happen whenever the amplitude
of the AC electric field issuch that the maximum po-
tential drop caused by the AC field across one period
of the supcrlattice is equal to the separation in energy
between the grouncl and one of the excited states of
the quantum wells. The resonant tunneling probabil-
ity, and so tlie conductivity, should then oscillate with
increasing terahertz field magnitude. The separation
between the peaks in the conductivity will consequently
be determined by the separation in energy of the quan-
tum states in the multi-quantum well superlattice.
To test this hypothesis, one would need to know the
absolute value of the AC field magnitudein the super-
lattice. As mentioned before, this can only be estimated

since the coupling strength of the radiation to the sam-
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ple is unknown. One possibility is to clieck if in tlie
differciit samples, with differeiit. quantum well thick-
nesses and er ergy level positions (which can be easily
calculated)! t 1e oscillations in the conductivity scale as
implied by this model. However, for this test to be a
guantitative one, one would have to assume tliat the
coupling strength is the same for all samples, which is
almost certai ily not true. Qualitatively, though, the
position of tlie conductivity oscillations do scale as ex-
pected. Note tliat the oscillations have tlie smallest
period in the 40/4nm structure (Fig. 3), wliere tlie
separation between the quantum well energy levels is
smallest. For the 25/4nm superlattice (Fig. 4), where
tlie energy levels are well spaced, apparently the highest
acliieved AC field magnitudeisjust enough to make tlie
maximum polential drop caused by the AC field across
one period of tliis superlattice equal to the separation
in energy between the ground and first exciterl state.
Tlie 33/4nm structure is intermediate between tliese

two cases. Fu-ther work is necessary to test this model.

IV. Photon-assisted sequential resonant tunnel-

ing

Tlie results discussed above concern the terahertz
field-induced changes in the DC conductivity at a
constant low bias applied to tlie superlattice, in the
ground state to ground state resonant tunneling regime.
Fig. 5 shows the |-V characteristic of sample 2 (33nm
wells/4nm ba-riers) under laser radiation of different
frequencies, for a temperature of 75K. These results
are essentially temperature independent below approx-
imately 100K, i.e., in tlie sequential resonant tunneling
regimelt?].

[t is clear in Fig. 5 that the terahertz radiation pro-
duces new steps and plateaus in the |-V characteristic.
Thc position i1 voltage of the nem stepsis a function of
the frequency, mith the onset of tlie new plateaus mov-
ing to lower voltages as the frequency increases. The
oiiset of the new plateaus also depends weakly on the
far infrared radiation intensity.

The frequency depenclence of the onset of the new
plateaus induced by the terahertz radiation in the [-V
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curve is shown in Fig. 6. The voltage position of the
onset of a new plateau was defined as the position of tlie
minimum in the §21/90V? curve in the region of voltage
where the new step appears. The voltage shown in the
y-axis is the total voltage applied to the superlattice
divided by 100, tlie number of periods of the structure.
The solid lines in the figure are best straight line fits
through tlie data plotted as open squares.
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Figure 5: Tlie dependence o the DC current-voltage char-
acteristics o the 33nm wells/4nm barriers rnultiquantum
well superlattice on the frequency o the AC electric field.
Thc static -V characteristic (solid lin€) is shown again for
comparison. For clarity, only three frequencies are shown:
1.50THz (dash-dotted line), 1.83 THz (dotted line) and 2.11
THz (dashed line). The inset is an extended view of the
static and 2.11 THz |-V curves showing the additional struc-

ture around 2.1V.

There are some striking features in Fig. 6. First,
most of tlie data, plotted as open squares, lie along
straight lines that have slopes AV/Af = —h/e, , to
within tlie experimental error. Here, h is Planck's con-
stant and eisthe magnitudeof the electron charge. Sec-
ond, the f = 0 intercepts of these lines, 11.8meV and
30.6meV, correspond closely to tlie calculated energy
separations between the ground state, ¢y, and thefirst,
€1, and second, €3, excited states, respectively. Using a
simple envelope function approximation in the absence
of aDC electric field, we obtain ¢; — ¢p = 12.4meV and
€y — o = 32.7TmeV. The only data that do not lie on
these straight lines, plotted as closed circles on Fig. 6,
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are the ones for f = 3.1to 3.3THz. These frequencies
correspond closely to tlie energy difference between the
ground and first excited states. Clearly, some different
process is occurring for the highest frequencies, involv-

ing laser-induced transitions between these two states.
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Figure 6: Tlie voltage positions of tlie onset of tlie AC
field-induced plateaus in the 1-V characteristic Of the 33nm
wells/4nm barriers multiquantum well siiperlattice plotted
as a function of tlie freyuency o tlie far infrared field. The
voltages shown are tlie voltage drops across a single period
of tlie superlattice if a uniform DC electric field is assumed.

Tlie straight line behavior shown in Fig. 6 strongly
suggests that tlie new structure induced in tlie |-V
characteristic by tlie terahertz radiation is due to pho-
ton mediated- tunneling!!?=4) and that the DC voltage
1s dropped uniformly across tlie sample, at these bias
points, in the preseiice of the intense terahertz radia-
tion. The far infrared electric field opens a new con-
duction channel, in which an electron can tunnel from
tlie ground state in one quantum well to an excited
state ¢, in tlie neighboring well with tlie absorption of
aplioton. Tlie electron then releases the excess energy
eV = E —¢p)in an intra~well transition to tlie ground
state and a new photon-mediated tunneling process to
the next quantuin well follows.

The new steps in the |-V curves occur at voltage bi-
ases where tlie static conditions necessitated high elec-
tric field domains. These domains will be altered only
when the new conduction channels arestrong enough to

dominate the transport. The photon-assisted tunneling
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model exposed above implies that the terahertz fields
are sufficiently strong to make photon-mediated tunnel-
ing asignificant mechanism of electronic conduction, at
least around tlie DC biases where the new structure in
the I-V curve is observed. This is consistent with the
significant changes ill current induced by the AC field
at these biases. The conclusion from the data is that
the terahertz radiation forces a uniform distribution of
the applied DC voltage at these positions in bias. It
is possible that some of the power dependency of the
data pointsin Fig. 6 is due to residual field inhomo-
gcneities.  Generally, the new steps in the I-V curve
appear at sliglitly higher DC bias as the intensity of
tlie laser field is increased.
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Figure 7: Tlie plioton assisted tunneling process viewed as
tunneling frorn one wel into photon sidebands of a state in
tlie neigliboring well.

A clear view of how the photon-assisted tunneling
process gives rise to the ncw steps and plateaus in
the |-V curves is provided by the concept of photon
sidebands{'®], as shown schematically in Fig. 7. The
new steps are due to processes similar to the ones that
produce tlie plateausin the static characteristic, except
that tlie tunneling is from the ground state in one well
to a photon sideband in the neighboring well. The two
lines in Fig. 6 correspond to tunneling from the ground
state of one well to photon sidebands of the first and
tliesecond excited states in thc adjacent well. Notethat
only processes involving photon ahsorption are seen. It
is not clear why processes involving photon stimulated
emissions are not observed.

V. Conclusion

In conclusion, it was shown in this paper that in-
tense AC electric fields in the terahertz range of fre-
quencies substantially affect the DC conductivity of
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multiquantum well semiconductor superlattices at low
teniperatures. For low DC biases, when the electroiiic
conduction in the structure is via sequential resonant
tunneling from the ground state of one well to the
ground state of the adjacent well. the DC conductance
exhibits an oscillatory behavior as a function of the
terahertz field intensity which resembles the zero or-
der Bessel function which appears in theories describ-
ing transpor, properties of periodic structures submit-
ted to intense AC electric fields. The dependency of
the DC |-V characteristics of the superlattices on the
frequency of the AC radiation shows that the terahertz
fields introdi ce @ new mechanism of eiectronic conduc-
tion, photon- mediated sequential tunneling.
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