| n-plane magneto-plasmonsin grating gated double
quantum well field effect transistors.

X.G. Peralta, S. J. Allen

Center for Terahertz Science and Technology and iIQUEST,
Universty of Cdifornia, Santa Barbara, Cdifornia 93106, U. S. A.

M. C. Wanke, J.A. Simmons, M. P. Lilly, J. L. Reno
Sandia Nationd Laboratories, Albuquerque, New Mexico 87185, U. S. A.

P.J. Burke, J. P. Eisenstein

Department of Physics, Cdifornia Ingtitute of Technology,
Pasadena, Cdifornia 91125, U. S  A.

Abstract. Coupled double quantum wel fidd-effect transstors with a
grating gate exhibit a terahetz (~600 GHz) photoconductive response that
reonates with sanding two dimensond plasma oscillations under the gate
and may be the bass for developing a fad, tunable terahertz detector.  The
gplicstion of a predsdy digned in-plane magnetic fidd produces no
detectable change in the device DC conductance but produces a dramatic
inverson, growth of the terahertz photoconductive response and frequency
shift of the sanding plasmon resonances. The frequency shift can be
described by a Sgnificant mass increase produced by the in-plane fidd. The
meass increase is subgtantidly larger than that cdculated from a sngle well and
we presume that a proper treatment of the coupled double quantum wel may
resolve this discrepancy.

1. Introduction

High mobility double quantum wel heterosructures have been important for the sudy of
corrdlated dectron dates in two dimensona dectron sysems [1, 2] and ae potentidly
important  for nove fidd-effect trangsors that add functiondity by controlling eectron
transfer between the quantum wels [3]. Interwel transfer can dso be promoted by terahertz
photon asssed tunndling [4], opening the posshility of fad, voltage tundble terahertz
detectors.  To this end we have explored the terahertz response of double wdl field-effect
transstors with large area channds gated with a grating gate. We demondrate a fadt, tunable
terahertz  photoconductive response and corrdate the observed resonances with  standing
plasmawaves under the metallic part of the grating gete[5, 6].

Collective excitations in the presence of in-plane magnetic fields have received limited
atention over the years [7]. We note the experiments by Bake e d. on a sngle two
dimensond dectron gas (2DEG) and theoretica trestments of double quantum wdls [810].



The ability to probe plasmon modes by means of terahertz photoconductivity messurements
endbles us to explore the effect of in-plane magnetic fidds on the collective excitations of
these double quantum wel sysems. We observed a dramdic inverson, growth of the
terahertz photoconductive response and frequency shift of the standing plasmon resonances.
The dependence on dectron dendty indcates that the frequency shift is caused by a change
in mass A modd based on a single quantum well predicts a change in mass ~ 3 times
sndler than that observed. We speculate that the correct treatment of the coupled double
quantum wells will lead to a mass increase Smilar to that seen in the experiment but this has
not been confirmed & thistime.

2. Experimental details

2.1. Samplestructure

The fidd effect devices ae fdoricated from modulation doped GaAgAlGaAs double
guantum well heterostructures grown on a semi-insulating GaAs substrate by molecular beam
epitaxy. Both quantum wells are 200 A wide and are separated by a 70 A Barier. The
nomind dectron dendties in the quantum wels ae Ne=1.710" cm? and Neue=257x10
cm? the 42 K mobility is ~1.7x1° cm?/V s. A 2x 2 mm mesa is defined by wet chemical
etching and the source and drain ohmic contacts to both quantum wells are formed by
evaporaing and anneding NiAuGe over the edge and side of the mesa A 700 A thick TiAu
graing gate (with no metdlization between the grating fingers) is evaporated with the lines of
the graing pardld to the ohmic contacts, perpendicular to the current flow. Grating periods
of 4 and 8 mm were explored where haf the period is metd. The graing modulates the
eectron dendty in the quantum wels by acting as a gate when a voltage is gpplied, sdects
the wavevectors of the excited plasmon and, coincidentaly, produces both normd and
transverse terahertz eectric fidds.

2.2.  Measurement technique

In order to measure the terahertz photoresponse, the samples are wire bonded and mounted
onto a fiberglass chip carier tha is placed indde a vaiable temperaure cryostat equipped
with a 12 Teda superconducting magnet. Radiation is focused onto the sample with an off-
axis parabolic mirror. We goply a congtant source-drain current of 100 mA and study the
photoconductive response of the double quantum wells as a function of gate voltage, terahertz
frequency, temperature and in-plane magnetic field.

The radiation sources are the free-dectron lasars a Universty of Cdifornia, Santa
Barbara, which cover a frequency range between 120 GHz and 4.8 THz. The terahertz
radigtion is polarized perpendicular to the lines of the grating gate. Results were obtained in
the low power limit by assuring thet the response was a linear function of incident power. It
was adso ascertained that the response was linear with respect to sourcedrain current (it is
photoconductive, not photovaltaic) in the region sudied. Pat of the terahetz radiaion is
slit off by means of a mylar beamsplitter and is focused, udng an off-axis parabolic mirror,
onto a fast pyrodectric detector that acts as a reference. In order to account for pulseto-
pulse vaidions in the output power of the freedectron laser and to be able to compare
results for different frequencies, the photoconductive sgnd was normdized by dividing it by
the sgnd from the reference pyrodectric detector.  All the data presented has been
normdized in this manner.



3. Plasmon resonances

3.1. Experimental results

Figure 1 shows the terahertz photoresponse as a function of gate voltage at three frequencies
and a temperaiure of 25 K for two different grating periods 4 nm (18 and 8 mm (1b). We
observe that both grating periods show a resonant response that moves to lower gate voltage,
higher eectron dendgty, as we increese the frequency of the incident radiation (follow
arows). This is typicd plasmon behavior, which invariably exhibit an increesng frequency
with increasing eectron density [11]. Note that the larger the period, the greater the number
of resonancesin avoltage interva.
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Figure 1. Terahertz photoresponse as a function of gate voltage at three

frequencies for two grating periods a) 4 nm and b) 8 nm. Frequencies

top to bottom: 630, 600 and 570 GHz. T=25 K. Arrows indicate
resonance postions.

While the plaamon disperdon rdations of double quantum wdls and dngle gquantum
wells dose to a uniform meta gate are known, there is no smple mode for plasmons under a
discontinuous metd grating [12]. In order to confirm that the resorences are caused by
plasnon modes undernegsth the metd graing and get a better underganding for the
dependence on grating size, we congtructed amodel that captures the essentid physics.

3.2.  Modeling

We modded the collective response of the compodte dructure by tregting the double
guantum wel as a single quantum wedl, ignoring the effect of fringing fidds on the ungated
regions and using an equivaent circuit. In the ungated region we combine the eectron sheet
dengities of the two quantum wells into one (Nredive = Npper + Nower) aNd keep it fixed. We
ds include a capacitive term that takes into account the presence of the periodic grating.



The region underneath the grating metd is modded as a trangmisson line with a variable
densty 2DEG (ranging from ngesve t0 zero) [13].  The totd impedance is the series
combinaion (sum) of the impedances of the gated and ungated regions. Using the equivdent
crcuit we cdculae the raio of the absorbed power to the incident power (normalized
absorption) as a function of the dectron dendty under the grating metdlization, which is
controlled by the gate voltage. We then find the resonances of the normadized absorption and
compare them to the experimentd results as presented in reference [§. The modd captures
the dependence on frequency, period and dendty but fals to provide us with an accurae
digperson rddion. It enables us to identify the resonances with the optic plasmons of the
double quantum wdl sysem with an odd number of hdf waveengths under a metdlic
eement of the grating gate. Armed with this assgnment of the resonances we use a more
accurate description of the disperson reaion provided by a single 2DEG with a digant
uniform metd gate and find a good agreement with the observations.
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Figure 2. Comparison between modeling results and experimental data at 600
GHz. Top: Plasmon wavevector of a 2DEG inside a semiconductor with a distant
metal gate as a function of gate voltage for the a) 4 mm and b) 8 nm grating
periods respectively. Horizonta lines correspond to odd integer number of
plasmon ¥ wavelengths. Vertical lines are located a the intersections. Bottom:
Photoresponse as a function of gate voltage for the ¢) 4 nm and d) 8 mm grating
period samples respectively — experimental results. Middle column: schematic
representation of current dengity distribution under the metal gate at resonance.

The upper plots in figure 2 show the plasmon wavevector of a 2DEG embedded in a
semiconductor with a distant metal gate at 600 GHz as a function of gate voltage for the two
different grating szes. (At these wave vectors the medlization is not importat) The
horizontd lines are located & odd integer multiples of hdf the wavedength defined by the
graing via the wavevector q=2p/a, where a is the grating period. The point & which the
horizontd  lines intersect the plasmon wavevector correspond to having an odd integer
number of plasmon Y2 waveengths undernesth the meta gate dement, a standing plasmon
mode. Although they do not exactly match the resonant pesk positions, we obsarve that their
spacing is redively close to that of the resonant pesks in the data (figures 2c and 2d).



Reating figures 2a and 2b to the data we can roughly say tha the first resonance, from right
to left, corresponds to the third harmonic with wavevector 3d=3" (2p/a) for both grating
periods. The middle column is a schematic representation of the current dendty didtribution
under the metal gate for the corresponding resonant modes.

A more rigorous and complete treetment of the problem has recently been carried out by
Popov and coworkers and shared with us [14]. Space does not permit us to display their
results here but they largdy support the interpretetion described above.  Their modd has the
potentid of a complete description of the normd modes of the danding plasmon exditations
and other important festures like the Sgn reversd in the photoconductive response.

The fact that one observes a larger number of resonances with the 8 mm period grating
than with the 4 mm arises because one can fit a larger number of sanding plasmon modes
undernegth alarger grating metallization.

4. In-plane magneto-plasmons

In order to explore the role of the double quantum wdls terahertz photoconductivity
expaiments were pearformed with a magnetic field in the plane of the 2DEGs, pardld to the
graing. It is known that in-plane magnetic fidds change the coupling and the tunnding
between the wedls by producing a rddive shift of the in-plane dngle patide disperson
relations.
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Figure 3. Inplane magnetic fidd dependence of the terahertz
photoconductivity & 600 GHz for two greting periods a) 4 nm and
b) 8 nm. T=25 K.

The gpplication of a precisdy digned inplane magnetic fiedld produces no detectable
change in the device DC conductance. Indeed, dignment is achieved by nulling the effect of
a perpendicular component.  Figure 3 shows the in-plane magnetic fidd dependence of the
terahertz photoconductivity a 600 GHz and T=25 K for two grating periods 4 mm (38 and 8
nm (3b). For both grating periods, the resonance position moves to lower gate voltages as we
increese the magnitude of the in-plane magnetic fieddld.  For the 4 nm grating period, the in-
plane magnetic fidd dso causes an inverson of the photoconductive signd and an increase in
the negative going sgnd. At higher megnetic fields due to the shift of the resonant response
to lower gate voltages, one can resolve another resonarce a higher negative gate voltages.



For the 8 mm graing period goplying an in-plane magnetic fidd does not cause an inverson
of the photoconductive plasma resonant response as it sarts out negative, but it does cause an
increase as well as a shift in the resonant gate voltage position.

4.1. Analysis

The resonances are caused by standing plasmons modes undernesth the metdlic part of the
grating. However complex the disperson reation, the frequencies will be largely determined
by the ratio of the electron dendgty and mass. An increase in dendty a resonance can sgna
an increese in mass, if the fractiond increase in dendgty a resonance is independent of
dengty.

Ingpection of figure 4 shows this to be the case.  Figure 4a is a plot of the resonant pesk
position as a function of megnetic field squared for the 8 mm grating period. The change in
gate voltage for resonance is largest a voltages corresponding to larger dengity (figure 4a).
In figure 4b we gather dl the data for each of the gpatiad resonances, overtones and plot the
voltage difference caused by the in-plane magnetic fidd (Vs — Vo) divided by the B= 0 Teda
voltege a resonance referenced to the threshold voltage (Vo - Vi) where threshold is the
voltage a which both wdls are fully depleted. This effectivdly measures the fractiona
change in mass under the metdlization. When plotted in this manner, dl the deta fdl on a
graight line the fractiond change is independent of density. The dope is proportiond to the
change in the effective mass due to the in-plane magnetic fidd. If we fit the data with a
draight line, we obtain a 30% increase in the effective mass & 9 Teda, black line in figure
4b). Doing the same analysis with the 4nm grating period deta yidds an increase of 33%.
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Figure 4. Andyss to extract the effective mass change due to the in-
plane magnetic field. a) Pesk postion as a function of megnetic fied
squared for different harmonics (symbols) and  frequencies  (filling
and color). b) Reaive change in pesk podtion as a function of
megnetic field square. The legend is the same for both plots.



If we cdculate the firg and second order corrections to the energy levels of a confined

dae in a Ingle quantum well due to an in-plane magnetic fidd, we find that there is a
correction to the effective mass given as

4 50
RO 1wty -
B TR TR @

where nt* is the mass of the dectron, L is the wdl width, I is the magnetic length and B is
the magnetic field drength. This means that the reciprocad of the effective mass decreases
quedrdicdly with the in-plane magnetic fidd drength [8]. The plasmon resonance will be
depressed accordingly and the voltage or dendty for resonance increased. From this ample
cdculation one would expect there to be an 13% increase in the effective mass going from O
to 9 Teda for a 200 A wdl. Going back to figure 4b, from the fit to the data we know thét in
a 9 Teda fidd the mass increases by ~30%. For comparison, we have included the results
obtained from equation (1) for a 200 A (light gray dashed ine) and a 260 A (gray dotted
line) well. A 260 A wide quantum wel may smulae the behavior of the coupled double
quantum well but this requires confirmation.

m* (B) = m*(0)

D (D)'Q) D~

5. Conclusions

We have observed a resonant photoresponse in coupled double quantum wel fidd effect
trangstors corresponding to the excitation of standing plasma waves under the metdlic part
of a grating gae. The resonance can be tuned by means of a gate or by changing the period
of the grating. While we understand that the tunable resonance is caused by the composite
plasma oscillations, the mechanism that gives rise to the change in conductance & resonance
is not understood. Paticularly driking is the Sgn reversd between the 4 and 8 nm devices
and the sign reversd induced by the magnetic fidd inthe 4 nm device.

The results suggest that the resonant photoresponse is conditioned on the presence of a
double quantum well channd. Experiments were carried out on a Smilar device with a sngle
guantum wel [5, 6]. No resonant behaviour was observed but the mobility was sufficiently
low that a direct comparison canot be made. A high mobility sngle quantum well device
needs to be investigated to support this conclusion.

Inplane magnetic fidds dter the resonance condition by increesing the dectron effective
mass. We find a 34% increase in the effective mass a 9 Teda whereas a single quantum well
is expected to produce a 13% increase. This difference might be due to the fact that we redly
have a double quantum well sysem; one needs to include the presence of both wells and their
coupling in the cdculaion of the corrections to the energy levels in order to obtain a more
accurate estimate of the change in effective mass.

From the data presented we can see that grating gated double quantum well fied effect
tranggtors can be usad as a tunable detector [15]. The response time has been measured to be
no dower than 700 ns. It is a low impedance device and further measurements and device
optimization may open the posshility of using the device as a heterodyne detector with
intermediate frequency dectronics integrated on the same chip.
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