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Magnetically tuned resonant photon-assisted tunneling
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We present evidence of a new channel for electronic conduction in a multi-quantum well type superlattice in
the presence of a magnetic field applied parallel to the quantum well layers. Electrons in one potential well that
are photo-excited to anti-crossings of the dispersion curves of the conduction subbands tunnel resonantly to the
neighboring wells without intrasubband relaxation. This tunneling mechanism must be distinguished from
tunneling involving states located around the energy minimum of the conduction subbands. We show that the
new tunneling channel can only be understood from a nonperturbative calculation of the energy levels of the
multi-quantum well structure in the presence of the magnetic field, since first order perturbation theory predicts
the same energy dispersion for all conduction subbands, thus making this tunneling channel indistinct from
standard intersubband excitation. Measurements of THz photocurrent show that both tunneling processes
co-exist in a GaAs/AlGaAs multi-quantum well superlattice.
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I. INTRODUCTION constitute tunneling channel$!31f the electrons are at ther-

Photon-assisted tunneling has been extensively sthgied M2l equilibrium inside each subband, only those tunneling
multi-quantum well type superlattice®QW). The strong channels coincident with the bottom of the occupied sub-
interest in optical intersubband transitions in such structure@nds(or arg.und 1} will be cr)]bservehq 'R transport measure-
is driven not only by its fundamental physics appeal but alsdnentls' In this ;;rocess,'wlen ah '9 her energy sutl)band IS
by its applications for infrared sources and detectors. QuaroPulated by photo-excitation, the photo-excited electrons
tum well infrared photodetectors based on intersubbantlill first relax energy and decay to the lowest energy states
transitiong and the quantum cascade ld<ewhich relies on ~ ©f Th|st§ubband before tunneling. distinct ¢ ohot
MQW structure, have achieved a high level of performance : : . : : i
an?j are nowadays a commercial rgality Wherr1) the photoreCtly Into ?x'gended statefs at thﬁ artl)tl—crossw;gs '”(Umbst; d

& Lo . : ersion relations, away from the bottom of any subband.
energy does not coincide with any intersubband gap, tunnel: y y

. . ; . “Hence, a significant fraction of these electrons tunnel to a
ing through virtual states can be observed. This t“””el'nfheighboring well before relaxing energy. We probe this tun-

through photon side bands, first observed by Tien andie|ing channel in a GaAs/AlGaAs multi-quantum well su-
Gordor? in superconductor-insulator-superconductor - sysperiattice under a parallel magnetic field with photocurrent
tems, has also been widely investigatedlin a previous  measurements using THz radiation. Our measurements show
paper? we have experimentally explored the connection beevidence for resonant photon-assisted electron tunneling
tween the two processes with radiation in the THz range. with and without previous relaxation to the bottom of the
The application of a quantizing magnetic field is a pow-first excited subband.
erful tool to study the electron dynamics in quantum well The effect of a parallel magnetic field on the electronic
structures. Recently, magnetic fields were used to study th&tates is usually treated according to first order perturbation
transition to quantum chaos in a semiconductortheory!#1® According to perturbation theory, the dispersion
superlatticé? The application of THz radiation in the pres- relations of different subbands, at zero bias, are equal, if
ence of a tilted magnetic field has been shown to lead to affects due to nonparabolicity of the effective mass are not
complex set of phenomerdA magnetic field applied paral- considered. This means, at least for low biases and large
lel to the MQW layers(perpendicular to the tunneling cur- wells, that the resonance frequency for photo-excitation be-
renf) changes the electron states, thus providing an extra déween subbands would not depend strongly kynHence,
gree of freedom to manipulate the electronic band structurérst order perturbation theory does not predict a significant
and the resonant tunneling conditions. The parallel magnetidifference in the resonance frequency for direct photo-
field modifies the electron energy dependencekpnthe  excitation from the first subband into the extended states at
wavevector component perpendicular to both the field andhe anti-crossings in thig, dispersion relations of higher sub-
growth directions. At the anti-crossings of tkgdispersion  bands, away from their minima, and the resonance frequency
relations the electron wave functions are extended over mor®r excitation between states at the bottoms of the lowest
than one well and therefore the states at the anti-crossingaibband and of an excited one. A numerical nonperturbative
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calculation shows that these two frequencies are appreciablysymmetric gaugé=(0,-zB,0) and the effective mass ap-
different and the former has a stronger dependence on theqyimation, the Hamiltonian of an electron in the conduc-
applied parallel magnetic field, in agreement with the ob+i5, pand can be expressed as

served photocurrent results. It is important to stress here that
the difference in the two frequencies mentioned above will p2 m*wz(
Px

2 2
be measurable only for MQW structures with large wells, H= 5+ —— gpé—Z) + 2?;* +eM2), 1)

2

i.e., for structures in which the lowest energy subbands are 2m

close (a few me\j to the bottom of the conduction band
since it is in this case that first order perturbation theo

should not be a good approximation even for moderate Magy Smentum. andw.=eB/m" is the cyclotron frequency
] c— .

netic fields(B~5 ). We performed a nonperturbative numerical calculation in
Il. EXPERIMENTAL SETUP the effective mass approximation by expanding the Hamil-
. ) tonian(1) in the basis of an infinite square well much larger
The sample used in this work was grown by molecularihan the MQW potential in the direction, and then we solve
b_eam epitaxy over a semi-insulating GaAs substrate. It cong,e resulting eigenvalue problem for differdgtand B val-
sists of a superlattice made of ten layers of GaAs and elevefes. We consider different effective masses for the electron
layers of Ab4Ga7As sandwiched between two layers of i the potential barriers and wells. The size of the basis used
GaAs, each 50 nm thick. AI3I these layers are uniformlyyas chosen by a test of convergence, which compares the
doped with Si to 3¢10' cm™>. This structure was again ejgenvalues obtained for different sizes of the basis and the
sandwiched between two 300 nm thick GaAs layers heavil.onyergence is assumed when the difference between them is
doped with Si at 2 10'® cm™®. The nominal thicknesses of gmajler than 1. For the sake of comparison with the exact
the GaAs wells and AlGa -As barriers are 33 nm and heoretical results and their interpretation, we also evaluated
4 nm, respectively. In a previous work with the samehe energy subbands within perturbation theory. Furthermore,
sample? the resonance frequency of the first intersubbandhs stated in the Introduction, previous experiments have been
transition, at zero magnetic field, was measured agnalyzed using first-order perturbation theory. In this case,
(3.27+0.05 THz. Comparing this value with a simple enve- considering the magnetic field contribution as a perturbation,
lope function calculation for an isolated well, the real width the energy eigenvalues are givertby
of the wells was assumed to be 31.7 nm.
Very small mesas were fabricated photolithographically B2 % 2] B2
for the vertical transport experiments, with an active area of E,=Ep+ o {((Zz% - (%) + (—Y + <Z>n> } +—,
2 . . . m eB 2m
2X4 ume. The mesas were integrated into a bow-tie antenna
to achieve better coupling to the THz radiation. The antenna (2
has Ohmic contacts made to the top and bottom heavily ) )
doped layers. Since the power coupled to the device is ¥here(zn and(z%), are, respectively, the expectation values
sensitive function of the frequency, a Schottky diode wasPf zandz” for the unperturbed wave functions of subband
integrated into the bow-tie to normalize the power coupled t@NdE;, is its unperturbed energy eigenvalue. The wave func-
the superlattice device, as described elsewheéieexperi-  tion of isolated wells should be used in the calculation of the
ments presented here were done after adjusting the power 8Kkpectation values, since the solution above does not con-
the THz radiation in order to achieve the same photoinducegider the coupling among wells. One should note that the
current in the Schottky diode. This power was chosen lowbottom of each subband will now be k{=0 andk,/eB
enough to not generate any feature related to photon side=(2n.
bands. Tunneling channels in the MQW are associated to cross-
The THz radiation source was a continuously tuning freengs between dispersion curves of subbands localized at dif-
electron lase(FEL) of the University of California at Santa ferent wells. For a sequential tunneling process, as it is the
Barbara. It is a pulsed laser with a repetition rate of 0.75 sase considered here, only crossings between subbands of
and a pulse width around @s. The photocurrent in the su- adjacent wells need to be considered. A maximum in electron
perlattice was measured as the difference in current durintinneling will occur whenever a crossing between subbands
the FEL pulse and between pulses, using a digital oscilloof adjacent wells happens at the bottom of an occupied
scope. subband? Therefore, considering a constant electric field, a
To apply the magnetic field, a split coil superconductormaximum in the tunneling current is expected at the value of
magnet with four optical windows was used. The measurethe magnetic field at which there is a crossing between the
ments presented in this paper were done at a temperature st subband of one well with the bottom of the first subband
(24+3) K and always with the magnetic field applied paral- of the adjacent well. For this situation, first-order perturba-
lel to the semiconductor layerperpendicular to the tunnel- tion theory gives the following relation between the voltage
ing curreny. drop AV per periodd of a MQW and the magnetic field
position B, of the maximum in the current:

' wheree is the electron charg® is the magnetic field inten-
rysity, m’" is the effective electron masgp, is the canonical

[ll. THEORETICAL CONSIDERATIONS
2

Let V(z) be the MQW potential and consider a magnetic eAV = ed

_ _ _ 1 and cons . +Bhax 3
field applied parallel to its layers in thedirection. Using the 2m
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FIG. 1. (Color onling Current as a function of the magnetic

FIG. 2. | ling The | t levels of th ja-
field parallel to the MQW layers, measured at a fixed bias of 15 mV G (Color onling The lowest energy levels of three adja

: . S . . cent potential wells as a function ofik,/eB, the so-called cyclo-
without illumination. A broad peak is seen around 0.49 T, the fleldtron orbit center, at a magnetic field of 0.49 T and a voltage drop of

for the resonance condition shown in Fig. 2. The Sh?rper featureaA mV per period, calculated by the numerical nonperturbative cal-
are not reproducible and should be understood as noise. culation described in the texsolid line) and using first-order per-
turbation theory(dotted line$. For these values of magnetic and
It is clear that first-order perturbation theory fails for large electric fields the first subband of the right well is at resonance with
magnetic fields, when the magnetic quantization energy bete bottom of the first subband of the center well, rigar0.
comes comparable to the separation between the energy lev-
els of the wells. However, it is a good approximation for low tions for the second subband cannot be distinguished from

enough fields. the numerical calculation, but the difference in the first sub-
bands is already clear. Note that this difference increases
IV. RESULTS AND DISCUSSION whenk, moves away from the subband minimum.

The second subbands of the wells in the MQW superlat-

We measured the currentt, without illumination, as a tice can be populated by illumination. If the second subbands
function of the parallel magnetic field, for a fixed bias of are occupied and the sample is under a magnetic field at
15 mV across the sample. At this low voltage, since only thayhich there is an anti-crossing at their bottom, electron tun-
first subband of the wells is occupied, electronic conductiomeling will occur to the subband with which the anti-crossing
occurs via resonant tunneling from the first subband of ongs happening. For a voltage drop per period of 0.4 mV, such
well to the first subband of the neighboring well. As showna condition will be met atB3=0.49 T, for tunneling from
in Fig. 1, a single broad maximum is observed in theB  second to second subban@be same field position as the
curve atBn,=(0.49+0.09 T. From Eq.(3) we obtain a resonance from first to first subbandand forB=3.1 T for
voltage drop per period 0.40+0.08 mV for the total bias
of 15 mV. This means that a relatively large voltage is 3 T VR VI A
dropped in the contacts of the structure at this low bias. b / y

Figure 2 shows the lowest energy levels of three adjacent
wells as a function of #k /eBfor a magnetic field of 0.49 T
and a voltage drop per period of 0.4 mV. As expected, for
these conditions the first subband of one well is at resonance
with the bottom of the first subband of a neighboring well,
thus opening up a tunneling channel between these two
wells. The energy levels were calculated numerically, as de-
scribed above, and also by first-order perturbation theory
with the sample parameters given in Sec. Il. For this low
magnetic field, the nonperturbative calculation gives almost 5L
the same dispersion curves as perturbation theory, except that

15
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the crossings between subbands of different wells become 1k JeB ()
anti-crossings. The use of E@) at this field is accordingly
justified. FIG. 3. (Color onling Dispersion relations of a three well struc-

.Figure 3 shows a Comparison of the energy levels of t_h"e‘?ure atB=3.1 T and a voltage drop of 0.4 mV per period, calculated
adjacent wells as a function offik,/eB calculated numeri-  ysing first order perturbation theordotted lines and by the nu-

cally and by first-order perturbation theory, for a magneticmerical nonperturbative calculation described in the tesdlid
field of 3.1 T and a voltage drop of 0.4 mV per period of theline). In this case, there are anti-crossings at the bottom of the
MQW superlattice. The perturbation theory dispersion relasecond subbands with the first subbands of the neighboring wells.
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FIG. 4. (Color onling Dispersion relations of a three well struc- FIG. 5. (Color onling Calculated resonant frequency for the

ture atB=5.1 T and a voltage drop of 0.4 mV per period, calculatedmagnetically tuned resonant photon-assisted tunneling, MTRPAT
using first-order perturbation theorfdotted line$ and by the nu-  (open circlegand for the excitation between states at the bottom of
merical nonperturbative calculation described in the tesdlid the lowest subband and of the second g¢desed squargs The
line). The arrows show the excitation energy from the first subbandlependence on the magnetic field of the intersubband excitation
of the center well into extended states at the anti-crossings betwedrequency given by first-order perturbation theory is also shown
the second subband of this same well and the first subbands of theolid line). The horizontal dashed lines show the frequencies used
neighboring wells. in the measurements. The intersection of them with the MTRPAT
curve gives the resonance fields for magnetically tuned resonant

tunneling from second to first subban(g. 3). Here per- Photon-assisted tunneling at these frequencies.

turbation theory gives a result just slightly differer, st subbands are excited directly into extended states at the
=2.9T, for the magnetic field at which the latter crossinganti-crossings between the second subband of one well and
occurs. If THz radiation is applied to the MQW biased atthe first subband of the adjacent wells, but the anti-crossings
0.4 mV per period, at a frequency near the intersubband eXdo not happen at the bottom of the second subband, as it is
citation resonance between first and second subbands, peake case in Fig. 3. The resonant frequency for this magneti-
in the photocurrent should be seen at those magnetic fields. dtally tuned resonant photon-assisted tunne{MdRPAT) is
should be remembered that the excitation resonance frérigher than the frequency for photo-excitation between the
quency will also change witB, due to the diamagnetic shift. lowest levels of the first and the second subbands.

The electrons photo-excited by THz radiation to the sec- In a measurement of the photocurrent as a function of
ond subband of the MQW come from states between thenagnetic field, in the MQW biased at 0.4 mV per period and
bottom of the first subband and the local Fermi level. Herdalluminated with radiation of frequency higher than the fre-
the differences between the nonperturbative calculation anduency for the intersubband resonance at 3(s€e Fig. 3,
the first-order perturbation theory results become more apthe MTRPAT tunneling channels should show up as an addi-
parent. According to perturbation theory, the resonance fretional peak at a magnetic field higher than 3.1 T. If this
quency for all these electrons should be almost the sameaximum in the tunneling current will really show up or not
(there is a small difference due to the presence of the electridepends on the energy position of the first subband quasi-
field). In contrast, as can be seen in Fig. 3, the numericaFermi level, since the electrons are coming from an excited
results give an excitation energy that increasek,asoves state of the first subband, as shown in Fig. 4. The peak in the
away from the first subband minimum due to the differencephotocurrent at 3.1 T should still be seen at frequencies
in the curvatures of the dispersion curves of the first and théigher than the corresponding resonant frequency due to the
second subbands. This difference in curvature increases &act that most of the electrons photo-excited to states kyith
the magnetic field increases, as is demonstrated in Fig. 4alues away from the bottom of the second subband will
This effect leads to a broadening of the transition frequencyelax to states close tg,=0 and then tunnel to the adjacent
as the magnetic field rises. Note that it is an asymmetricalvells.
broadening, since it opens the possibility for electrons to be Figure 5 shows the calculated resonant frequency for
excited by higher radiation frequencies but not by lower fre-MTRPAT as a function of the parallel magnetic field. The
quencies. frequency corresponding to the intersubband transition be-

The difference in the curvatures of the dispersion curvesween the bottoms of the first and second subbands is also
of the first and the second subbands makes it possible tshown. First-order perturbation theory gives a very good ap-
observe a channel for photon-assisted tunneling at a res@roximation to the latter but fails to account for the MTRPAT
nance frequency distinct from the excitation frequency cor-at fields higher than-4 T.
responding to the transition between the lowest levels of the In order to verify the predictions above, we have per-
first and the second subbands. This new frequency is showiormed measurements of photocurrent as a function of mag-
by the arrows in Fig. 4. In this process, electrons from thenetic field for the GaAs/AlGaAs MQW superlattice at three
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FIG. 6. (Color online Photocurrent as a function of magnetic
field applied parallel to the MQW layers, for three radiation fre- another at the MTRPAT resonance. Aslecreases, the two
quencies. The arrows show the expected field positions for MTRpeaks get closer. This leads to a narrowing of the resulting
PAT at f=3.54 THz(solid arrow, at f=3.72 THz(dashed arroy ~ maximum in the photocurrent, in agreement with the results
and atf=3.90 THz(dotted arrow. The dash-dotted vertical line at shown in Fig. 6. The data in Fig. 6 also shows that the
3.1 T shows the field at which another maximum in the photocurrelative intensity of the two peaks changes with frequency.
rent should occur due to the anti-crossings at the bottom of th&@he relative weight of the peak 8&=3.1 T increases as the
second subbands with the first subbands of the neighboring wellsadiation frequency goes down. This is expected, since as the
The observed broaginewidth larger than 1 Tpeaks are a result of  radiation frequency approaches the excitation resonance be-
the convolution of this peak with the MTRPAT resonance, as ex+ween the bottoms of the first and the second subbands at
plained in the text. For the sake of clarity, the curves for B=31 T, the photon-generated population of the second
=3.72 THz andf=3.90 THz were moved up 0.4 and 0.8 A, gypbands at this field increases. In addition, the MTRPAT
respectively. peak should increase with the increase of radiation fre-

quency. As the resonant magnetic field for MTRPAT in-

frequencies above the resonance between the bottoms of tbeeases, the photo-excited electrons come from states higher
two first subbands e8=3.1 T. These frequencidthe three in energy in the first subbands. Therefore, as the radiation
horizontal lines in Fig. bwere chosen because they are out-frequency increases the total number of photo-excited elec-
side the water absorption frequency ranges. The results ateons decreases as the energies of the initial states approach
shown in Fig. 6. There, the expected resonance fields fothe quasi-Fermi levels of the first subbands. The photocur-
MTRPAT at the three THz frequencies, taken from Fig. 5, arerent is given by the difference between the electrons going
indicated by the arrows. These fields @&e3.85 T forf  through the forward tunneling channels and through the
=3.54 THz,B=4.57 T forf=3.72 THz andB=5.08 T for f backward tunneling channe{see Fig. 4. It is important to
=3.90 THz. Also shown in Fig. 6 is the fie@.1 T) at which  note that the electrons going via the forward tunneling chan-
another peak in the photocurrent is expected, due to the antirel are coming from states at the first subbands slightly
crossings at the bottom of the second subbands with the firébwer in energy than the electrons going through the back-
subbands of the neighboring wells. The main broad peaks iward tunneling channel, due to the applied electric field. This
the photocurrent, which are clear and reproducible, are thdifference,AE, is increasing a8 increasegit is 0.12 meV
result of the superposition of these two resonances. Thior B=3.86 T and 0.19 meV foB=5.10 T), which leads to
sharper features are not reproducible and should be undesn increase of the MTRPAT photocurrent. Furthermore,
stood as noise. Comparisons of the total photocurrent bewhen thek, dispersion is considered, the difference in energy
tween curves at different frequencies should consider thdtetween states with the, of the forward tunneling channel
there might be a difference in the radiation power coupled tand with thek, of the backward tunneling channel also give
the MQW of the order of 40%, in spite of the adjustment ofrise to a difference in the number of initial states for the
the current in the Schottky diode integrated into the bow-tieMTRPAT. Figure 7 shows thle, dispersion curves at the two
antenna contacts, as described above. k,'s just at the edge of the forward and backward tunneling

The photocurrent curve fof=3.90 THz shows a broad channels. The two dispersion curves are equal, just vertically
asymmetric maximum near the expected field position forshifted by AE. At T=0 K, consideringAE constant(even
the MTRPAT resonance at this frequency. As the radiatiorthough it actually increases with the magnetic fiettie dif-
frequency goes down, the resulting maximum narrows anderence in the available electrons for forward and backward
shifts toB=3.1 T for f=3.54 THz. In accordance with the MTRPAT increases as the bottom of the tkpdispersion
discussion above, the observed maxima in the photocurreicurves approaches the local Fermi level. Naturally, when the
arise as the result of the superposition of two peaks: one dtottom of the highek, dispersion curve, the one for back-
B=3.1 T, where there is a maximum for the tunneling prob-ward tunneling, reaches the quasi-Fermi level, the difference
ability for electrons at the bottom of the second subband, antetween the number of forward and backward MTRPAT
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electrons starts to decrease and goes to zero when the bottawth photocurrent measurements using THz radiation under a

of the k, dispersion curve of forward tunneling gets to the quantizing magnetic field. A significant fraction of the elec-

quasi-Fermi level. Consequently, the MTRPAT photocurrentrons, photo-excited to the anti-crossings, tunnel to the

peak should increase with the radiation frequency until neaneighboring wells of the superlattice before relaxing energy.

the cutoff frequency. We have also observed photon-assisted tunneling involving
It is also interesting to note that the photocurrent peak dustates located around the energy minimum of the conduction

to MTRPAT should be sharper as the resonant THz radiatiosubbands. Both photon-assisted tunneling channels co-exist

frequency increases. This is due to the increasing derivativin the experimental conditions used.

of the MTRPAT resonance frequency dependence on mag-

netic field as can be seen in Fig. 5. ACKNOWLEDGMENTS
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