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Resonantly enhanced photon-assisted tunneling in a multiple-quantum-well superlattice
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Photon-assisted tunneling in a multiple-quantum-well superlattice is enhanced as the photon energy becomes
resonant with the first intersubband transition. At resonance the process is characterized by tunneling from real
states occupied by photoexcitation. Qualitative differences emerge between photon-assisted tunneling con-
trolled by virtual states, under off-resonance conditions, and photon-assisted tunneling from real states, occu-
pied by photoexcitation when on resonance.
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INTRODUCTION EXPERIMENTAL APPROACH

Photon-assisted transport appears most graphically as new

Photon-assist transport in  multiple-quantum-well : o
oton-assisted _transpo ple-quantum-welle tures in the current-voltage-i) characteristicd® We
(MQW) superlattices and laterally patterned nanostructureﬁ . .y
ey on three features in the current-voltage characteristics,

has emerged as a robust phenomenon with potential for THz” ~. : ;
detectors and THz sourc&® In the presence of strong THz sensitive to photon-assisted transport, and }axplor_e the|r_de—
radiation, transport channels appear in a MQW superlatticgendence on resonance of the THz photon field with the first

: N . . ntersubband transition energy.
corresponding to resonant tunneling into a neighboring wel : : ' . .
; . : o First we review the essential physics controlling the over-
with the stimulated absorption or emission of one or more

photons. Within the framework of sequential resonant tun_aII |-V characteristic. At low enough bias, the electron trans-

neling, it appears that tunneling occurs through photon sideF-)ort mechanism in a MQW superlattice occurs by resonant

bands or virtual states. While the essential physics is ca funneling from the ground state of one well to the ground

tured in the work of Tien and Gordof'sand Tucker'8 state of the next well (4.->.1 in Fig. 7). At a bias where the
theory of photon-assisted transport in superconductor;—:urrerllt ix'ci?dlz Ejhe mgxmglznbcufrrent Lo_r t?ﬁl chanln(tatl_,
insulator-superconductdfIS) junctions, the basic transport IWct)he elc r'(;f IIZ d om(_':untsth | et _or;ne n te ;I:prera Ice.
mechanisms in semiconductor MQW superlattices are suffi the Tow-Tield domain the €lectric transport will be i,
ciently different from their SIS analoas that new models Ofwhlle in the high-field domain the electrons will tunnel from

hot y isted t ¢ bei g ISp&ATh ¢ the ground state of one well to the first excited state of the
photon-assisted transport are being develop € MOSt ext well (1—2). In the bias region where the superlattice is
important difference is the possibility of exciting sharp, well-

. " o divided into domains, the current does not change with the
defined, transitions within a quantum well. Analogous effects i < i o there is a plateau in thev curve?® As the bias

appear in the SIS junction when the photon energy exceeq§ reases; so does the size of the high-field domain. Spikes in
the superconducting géﬁj _ the plateau in thé-V curve can occur as the domain wall
_As the_ photon energy is gr_adu_ally brought into resonancmps from quantum well to quantum well. At some point
with the intersubband transition in a quantum well, we eX-the entire superlattice transports through the 2 channel
pect the Tien-Gordon process of tunneling from virtual state@nd the current will increase again, until it saturates and a
to evolve into a process of tunneling between real states. Ongew high-field domain with resonant tunneling through 1
of these real states is only occupied by the absorption of a,3 begins.
photon. The latter process has been extensively explored in Applying intense THz radiation to a MQW superlattice
the near infrared, at wavelengths of the order ofuid0°~%®*  causes sidebands to appear on quantum-well states, separated
Here we experimentally explore the connection betweerdrom a given real state by an integer multiple of the photon
these two processes, by monitoring the evolution of theenergy’ This presents new channels to the current flow
photon-assisted process originating from a virtual state as wehile diminishing others;® new features appear in theV
bring the photon energy into resonance with an intersubbandharacteristic, while the conductance of other features is re-
transition. We show that the one-photon channelsrase-  duced.
nantly enhanced when the photon energy coincides with the On resonance with the intersubband transition, we expect
intersubband transition. Dynamic localization, the suppresthe following new features to emerge. First, around zero
sion of the 0.0-bias conductance and a dramatic feature dfias, increasing the population of the second level should
photon-assisted transport through photon sidebands, disajmcrease the contribution of the-22 channel, which is more
pears and the conductance actually increases. conductive than the channel 41 [Fig. 1(a)]. (Off-
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\ 1 | FIG. 2. (a) Light region is the metallization of the bow-tie an-
\ tenna. The left bow is split, providing separate contact to the super-
lattice and Schottky detectdib) The vertex of the antenna showing
a) b) o the active area and contacts to the superlattice and Schottky diode.

) ) Barbara (UCSB) free-electron laser. All the experiments
FIG. 1. Sequential resonant tunnelinga) Near 0.0 V, tunnel- were performed with the sample at 20 K.
ing occurs between equivalent states. On resonance the population The spectroscopic measurement was made at a chosen
of the excited state increases and the current incre@meResonant ower, fixed by the Schottky diode signal. Early experiments
tunneling between 1 and 2 is diminished when state 2 is populate ere r,nade with the sample mounted over a hemispherical
by resonant excitatior(c) Photon-assisted tunneling from 110 31is giu01 lens. While this enhances the coupling of the radia-
strongly enhanced when state 2 is photoexcited. tion, it makes it hard to control the relative power falling on
) . .the two devices. Small changes in the angle of incidence
resonance, photon-assisted transport has the effect of dimiyse |arge changes in relative signal. Removing the lens and

ishing the conductance near zero ﬁh§ecoqd, the channels i 4giating from the antenna side of the substrate reduced the
1—n should be inhibited by the depopulation of the groundgigna| hut produced reproducible results, relatively insensi-
state. But, when the electron transport is carried through thgye to the angle of incidence.

1—2 channel, there is a further inhibition of the direct chan-
nel due to the increase in the population of second Igvigl
1(b)]. Third, one-photon absorption from the first level of

one well to the third level of the 'next well should be reso- \we measured the frequency dependence of the three
nantly enhanced by photoexcitation to level 2 followed by aforementioned features in theV characteristic(1) the in-
direct tunneling, 2-3 [Fig. 1(c)]. Note that the first effect crease of conductivity around 0 ¥2) the decrease of current
has the opposng sign tp its off-resonant photon—aSS|stegjegative photocurrehin the 1—2 channel, and3) a new
counterparts, while the first two are strongly resonant Nplateau given by the appearance of the 2 channel.
hanced. In Figs. 3, 4, and 5 we show-V curves, at the same
radiation power(within 30%), but at radiation frequencies
maximizing each of the three different features mentioned in
the previous paragraph. Figure 3 shows the change of the

We used a GaAs/ghGa, 7As superlattice, with ten wells slope of thel-V curve around zero bias, which occurs when
and 11 barriers with a nominal thickness of 330/40 A, re-the sample is illuminated with radiation resonant with the
spectively. On either side of the superlattice there are 500-Aeparation in energy between levels 1 and 2 of the quantum
GaAs spacers and 3000-A GaAs contact layers. The supewells. At low bias, conduction through the superlattice oc-
lattice and the spacers have a uniform nominal doping of Zurs via -1 tunneling. The observed increase in the con-
x 10' cm~2 of Si, and the contact layers have a nominalductivity around zero bias results from resonant excitation of
doping of 2<10'® cm 3 of the same material. The sample electrons from the first to second energy levels in the wells
was grown by molecular beam epitaxy on a semi-insulatingFig. 1(a)]. The increase in the population of the second level
GaAs substrate. increases the overall conductivity, since the>2 tunneling

The resonant response was determined by varying the frés more effective than the-%1 channel. This is apparent in
guency of the THz radiation incident on the superlattice in-the inset, where both the conductant® & and the plateau,
tegrated into a bow-tie antenna. But the coupling of the rawhich represents the maximum current, supported by the
diation into the structure is a sensitive function of frequency channel increase substantiairtual processes diminish the
and normalizing the response by the incident power flux wasonductivity at 0 V. See Fig. 3 Ref. 3.
unreliable. It proved far more effective to integrate a Figure 4 shows that, at resonance, the current rise in the
Schottky diode at the side of the superlattice device in aegion of thel-V curve between the two first plateaus de-
bow-tie antenngFig. 2. The antenna has one of the bows creases. The inset shows the photocur(tre difference be-
split in two, with one side connected to the superlattice andween thel-V in the dark and thé-V under THz radiation
the other connected to the diode. Both the superlattice anith that region. The width of the dip is controlled by the width
the diode have an effective area 0k2 um?. This design  of the quantum-well states involved in the resonant tunneling
made it possible to bias the superlattice and Schottky devicescaled by the number of quantum wells and leveraged by the
independently while exciting with THz radiation. The source contact regions. The drop in the current is attributed to inhi-
of THz radiation was the University of California at Santa bition of the 1—2 conduction channel caused by the reso-

RESULTS AND DISCUSSION
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FIG. 3. Near 0.0 V, the current is enhanced on resonance re- FIG. 5. A new plateau occurs at the same position as the 1-3

flecting the occupation of the first excited state that can supporPhoton-assisted plateau. But it requires substantially less power,
more current. The small offset is presumed to be due to rectificatio§ince the feature is promoted by the photoexcitation of state 2 fol-

in the device or contacts. By design, there should be no offset, bpwed by direct tunneling to state 3.
inadvertent asymmetry in the superlattice or small departure from

Ohmic behavior in the contact can cause this offset. ] ) )
two processes are quite different, it should come as no sur-

prise that the power required to see the off-resonant channels

nant transfer of electrons from level 1 to level 2, as showng gifferent from the resonant intersubband absorption. The
schematically in Fig. b). As mentioned above, there is & |atter can saturate on resonance at powers well below that
double inhibition of the direct channel-22 due to both the  required to turn on the transport through virtual photon side-
depopulation of the ground state and the increase in thpands.
population of the second level. While photon-assisted trans- |t is also interesting to note that the current corresponding
port through photon sidebands will also cause this effect, oo the 1—3 channel(the region between the second and
resonance, the reduction in current for a given incidenthird plateaus, with a dc bias between 0.40 and 0.48dés
power is dramatically increased. not change significantly with the radiation at the power level

Lastly, in the region around 0.3 V, a new plateau appearsised in Figs. 3, 4, and 5. This implies that the power used is
that resembles the photon-induced plateau seen in photofiruch smaller than that necessary to disturb the direct con-
assisted tunneling off resonance, but it differs in an imporduction channels off resonance.
tant respect. The plateau is seen at radiation powers much The three effects on thé-V characteristics, shown in
smaller than those needed for the onset of photon-assistddds- 3, 4, and 5, are strongly frequency dependent. Their
tunneling off resonance, and shows a strong frequency ddteéquency dependence is shown in Fig. 6.
pendence, increasing dramatically as the frequency of the 1he resonance frequency is not the same for the three

radiation is tuned to the transition between the first two en€ffeCts. This is due to the fact that the features observed

ergy levels. We interpret the new plateau as being due to geeur at dlffererl_t biases. Since the shape of the quantum
new conduction channel, tunneling from level 2 to level 3weIIs is electric field dependent, we expect the resonance to

(2—3), made possible by photoexcitation to the Secon({iepend on electric field. The nominal values of the superlat-
level, as depicted in Fig.(&). It does occur at the position ice (40-A barriers and 330-A wellsgive us a resonant fre-

d for the di h ted ¢ 1 uency between the two first levels of 3.05 THz at zero
expected ior the direct photon-assisted transport from 1 to pplied dc electric field. The measured resonance at zero bias

but the resonant photon-assisted tunneling is much more efs 3 57 THz. If we adjust the well width from 330 to 317 A,

ficient than the direct photon-assisted tunneling. Since thehe calculated resonance at zero bias matches the measured
value. Using this value of well width, we calculated the fre-
quency at which we should expect each of the features to

70 T v occur, taking into account the change in the level separation
= - ial EW with the electric field and assuming a uniform electric field.
< 10}3 0.05 ",,F"‘ : DE;”; A2TH ] Arrows in Figs. 3, 4, and 5 indicate the corresponding biases.
- g ooo;_ﬁh‘ ;. > Wi ; In Fig. 7 we show, along with the measured resonances,
= 8 005 C U < & the calculated electric-field dependence of the resonance for
5 2 e d ! a superlattice with the nominal and with the modified well
© 05 019% 0.15 0.90 2t i width. The experimentally observed dependence on electric

e AN field is reproduced by the model calculation with a modified
’ '2_. 3 13 well width.
0.0 peysrOnsmaimmmttB: L ... The process of resonantly enhanced photon-assisted tun-

00 02 04 neling is basically an inters_ubband transition, and should
Voltage(V) saturate at some power. In Fig. 8, we show the power depen-

dence of the three resonance peaks of Fig. 6. Saturation is

FIG. 4. The current at the 1-2 step is diminished by depletion ofclearly seen. The arrows show the power at which the spec
the ground state and occupation of the first excited state. troscopic measurement reported here was made. Once more
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FIG. 8. The resonant features appear to saturate as a function of
THz power.(a), (b), and(c) correspond to the figures shown in Fig.
6. Note that the horizontal scales differ in the three plots.

FIG. 6. The features shown in Figs. 3, 4, and 5 are resonant afje see that the features do not behave as photon-assisted

slightly different frequencies, since they are observed at differentunnenng off resonance, since the power dependence does
bias conditions.
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not follow a Bessel-function-like behavidr.

CONCLUSION

We have observed the evolution of THz photon-assisted
transport in multiple-quantum-well superlattices as the radia-
tion field comes on resonance with the first intersubband
transition. On resonance, the radiation effects|thé char-
acteristics in a qualitatively different manner than when off
resonance. These results distinguish experimentally photon-
assisted transport via photon sidebands and virtual states,
from photon-assisted transport via tunneling from real states
occupied by photoexcitation. The resonance is shifted by the
applied dc bias, in agreement with a model based on the dc
Stark effect. In the future it will be important to explore
interference between tunneling from real states occupied by
photoexcitation and tunneling from virtual states, but it is

FIG. 7. Resonant frequency vs superlattice electric field. Toapparent that this will require barriers sufficiently thin that

achieve quantitative agreement, the quantum wells are assumed tloe photon-assisted process is as important as the resonant
be 31.7 nm rather than the nominal 33.0 nm.

intersubband channel.
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