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FINAL PROGRESS REPORT 

Foreword 

The radiative decay of plasmons from two-dimensional electron channels and parabolic 
quantum wells have been observed, emitting radiation in THz regime'1. Parabolically 
graded quantum wells are promising candidates for far-infrared sources operating above 
liquid nitrogen temperature. They are based on the radiative decay of plasmon oscillations 
with their emission frequency independent of the electron distribution and concentration 
in the well. Therefore, the large temperature-induced variation of the electron distribution 
is expected to have little impact on the emission performance, which has been confirmed 
in absorption and emission spectroscopy 2' Kersting et al.3 have observed the emission 
from coherent plasmon oscillations even at room temperature from bulk carriers on a 
picosecond time scale. These results suggest that plasma oscillations can survive even at 
room temperature in doped semiconductors. 

Statement of the problem studied 

The plasmon emission process, which has led so far only to spontaneous emission, 
is a promising concept for the use of collective carrier oscillations as active medium for 
stimulated emission. This concept was first proposed by Bakshi and Kempa 4, who 
suggested a novel way to generate THz radiation from low dimensional semiconductor 
systems. The basic idea is to generate plasma instabilities with the help of appropriate 
carrier injection and extraction schemes in quantum well structures. As the plasma 
instability can be described as the stimulated generation of plasmons, the micro-charge 
oscillations of such plasmons can become the source of electromagnetic radiation in the 
THz range. This plasma instability based concept differs from the conventional lasers, 
since it is based on a collective phenomenon, in contrast to the single particle nature of the 
lasers. It is thus less susceptible to disruption due to higher temperatures, and various 
scattering effects. 

Quantum well structures operating under bias in a non-equilibrium steady state 
with appropriate carrier injection and extraction 5'6, are the best candidates for a 
realization of this idea. At least three subbands (1,2,3) are necessary to generate the 
plasma instability7, with the first and third subband well populated and the second nearly 
empty (or vice-versa). The essential instability mechanism is the resonance of two inter- 
subband plasmon excitations, for example, when the depolarization down shifted plasmon 
emission frequency from subband 3 to 2 is in resonance with the depolarization up- 
shifted plasmon absorption frequency from subband 1 to 2. 
In the proposed project we intend to take major scientific and technological steps towards 
the development of novel THz sources (wavelength range: 0.1-10 THz) based on a 
plasma instability. We will aim to exploit highly novel design concepts, based on bandgap 
and electron wavefunction engineering, together with waveguiding configurations, which 
allow the demonstration of stimulated emission. We want to realize compact, efficient and 
robust THz sources , which have the potential to make a significant technological impact 
across a wide spectrum of applications 



Summary of the most important results 

Resonnant tunneling mediated emission ofplasmons 

We have studied tunneling through resonant tunneling diodes ( RTD) with very long 
emitter drift regions ( up to 2 urn ). In such diodes, charge accumulation occurs near the 
double barrier on the emitter side, in a self-induced potential pocket. This leads to a 
substantial enhancement of the wave function overlap between states of the pocket and 
the RTD, and, consequently, to increased off-resonance current medited by various 
scattering processes. For RTD's with the longest drift region (2 um), an additional strong 
current peak is observed between the first and the second resonant peaks. We attribute 
this feature to intersubband transitions mediated by resonant emission of intersubband 
plasmons. This is thus the first direct experimental proof of the plasmon decay 
mechanism proposed by Baksi and Kempa. The project relies on the exsistence of this 
effect and will focus on the observation of radiative decay through this mechanism. 

Design of structures for confined plasmons 

The observation that the emission intensity in quantum cascade structures shows a 
square root dependence on the device current 8. This a clear indication that electron - 
electron scattering in the upper excited level limits the nonradiative lifetime. That means 
that as long as this mechanism is dominant an increase in injection current does not lead to 
an increased emission. The emission intensity saturates and gain cannot be achieved as 
long as electron - electron scattering is the dominant nonradiative relaxation mechanism. 

To circumvent this problem a collective excitation scheme is used to induce a 
plasma instability. The main difficulty with this kind of approach is that the starting 
bandstructure is changed significantly by the applied bias. Only at a given situation the 
mechanism of injection and extraction together with the proper energy level splitting will 
give a plasma instability. We have done a first step in this direction by growing a new 
sample, without doping in the active region but compensating the doping by a parabolic 
potential (sample G428). The result have been shown in the first progress report. This 
structure has also shown first emission results, however with a rather weak emission 
intensity. An increase in emission is expected from cascaded structures. To cascade 
parabolic quantum wells similar to the situation in the QCL structures, a vertical injection 
scheme is favorable as has been reported recently by Maranowski et al.9. This cascading 
can be introduced by using bridging regions to combine different wells and offering 
extraction and blocking of carriers. A significant increase in the emission intensity was 
achieved with this structure9. 
A comparison with calculation of the Boston group has been performed during the first 
period of the project. The main aim was to get more insight in the efficiency of the 
extraction process and the existence of an instability. The calculations provide IV-curves 
and the positions of the energy level and their wavefunctions. It is important to note that 
the energy levels are shifting with bias and that it is quite difficult to predict precisely the 
position of the extraction resonance together with the optimum level separation needed 
for the instability. 



Design and growth of a vertical injection scheme for parabolic 
multiquantum wells 

We have previously demonstrated THz emission from parabolic quantum wells up to 
lattice temperatures of 200K, where electrons are injected laterally in the parabolic well of 
carriers depending on the carrier energy10. In contrast to square wells, an extraction at low 
energies is specially critical, because the tunneling barrier gets thicker for lower energies, a 
direct consequence of the shape of the wells. In the first progress report we have shown 
that we have also obtained emission from a sample which is based on cascading several 
parabolic wells. 

The first realized sample consists of a parabolic quantum well with 300 Angstrom 
from the barrier to the center of the well on the injection side and 105 Angstrom on the 
extraction side. The curvature of the parabolic well is the same on both sides. In the existing 
structure 35 identical parabolic wells are cascaded and separated by a tunneling injector 
structure. The aluminum concentration, the doping concentration and the exact well and 
barrier thickness of the injector structure as well as the parabolic well thickness and 
aluminum concentration are given in the table below. 
The structure was grown on highly n-doped material to realise a homogeneous electron 
injection. A top layer with a carrier concentration of about 1-2x1018 cm "3 is ensure a defined 
carrier injection. The well material is doped homogeneously to achieve an overall doping 
concentration in the active region of about lxlO16 cm"3 electrons per cubic centimeter, the 
barrier material is not doped intentionally. 

emission from cascaded plasmon structure 

First emission experiments were performed with the cascaded plasmon structure sample 
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Figure 1: Emission spectrum measured with a InSb detector as a function of the frequency (in 
wavenumbers) 



G479 to repeat the experimental results of Maranowski et al.9. We have processed the 
sample into stripes of 25 UMn width and lOOOum length. The emission sample consisted 
of 8 stripes giving a total emission area of about 0,228mm2. The emission spectrum 
shown in Figure 1 is measured with a InSb detector with a resolution of 10 wavenumbers. 
The spectrum consists of a main peak at 150 cm"1 corresponding to the plasmon energy 
of the parabolic bandstructure. This result is in agreement with the results of 
Mananowski et al.9. However we find an additional emission line at 60 cm"1. The origin of 
this emission is not clear yet, it could be due to transitions between impurity states as it 
corresponds to the impurity ionization energy of close to 5meV. Further investigations 
are under way. 

Outlook for further experiments 

In the second year detailed studies will concentrate on two topics: 
a) Work towards the understanding of the mechanisms which govern the gain and 

loss rates of the plasmon instability in confined structures similar to sample G 428. will 
be performed. We want to achieve this goal by growing and analyzing a set of samples 
which show a varying strength of the instability. This work will continue in close 
collaboration with the Boston group. 

b) The second part of the work will focus on modifications in the parabolic 
bandstructure. This will be done to increase the efficiency of emission in the cascaded 
structures. A detailed analysis of the current and the loss mechanisms (performed by the 
Boston group) will give insight whether we are able to reduce electron-electron scattering. 

List of all publications and technical reports 

a) Technical progress report submitted September 7, 2000 
b) b) Publication: " Resonant Tunneling Mediated by Resonant Emission of 
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We study tunneling through resonant tunneling diodes (RTD) with very long emitter drift regions (up 
to 2 fim). In such diodes, charge accumulation occurs near the double barrier on the emitter side, in 
a self-induced potential pocket. This leads to a substantial enhancement of the wave function overlap 
between states of the pocket and the RTD, and, consequently, to increased off-resonant current mediated 
by various scattering processes. For RTD with the longest drift region (2 fim), an additional strong 
current peak is observed between the first and the second resonant peaks. We attribute this pronounced 
feature to the intersubband transitions mediated by resonant emission of intersubband plasmons. 

DOI: 10.1103/PhysRevLett.86.2850 PACS numbers: 72.10.-d, 71.45.-d, 73.20.Mf 

Resonant tunneling diodes (RTD) have been studied 
thoroughly [1] both theoretically and experimentally since 
their conception in 1974 by Tsu and Esaki [2]. Many direct 
and indirect applications of RTD's have been investigated 
[3], However, there remain still unresolved problems 
especially in the off-resonant domain, where the current 
is mediated by various intersubband scattering processes. 
It has been demonstrated that the transport through RTD 
can be mediated by the longitudinal-optic (LO) phonons 
[4], photons [5], two-dimensional (2D) plasmons [6], 
electron-electron scattering [7], and elastic electron 
scattering with defects (impurities and interface imperfec- 
tions) [8]. In this Letter, we report the first observation 
of the off-resonant tunneling mediated by the resonant 
electron-intersubband plasmon scattering. 

The GaAs-GaAlAs modulation doped structures used 
in this study consist of the following: 4000 A of GaAs 
top contact (emitter) layer Si doped to 1.5 X 1018 cm-3; 
an undoped drift region layer of thickness D; RTD with 
80 A barrier (GaAlAs, x = 0.32), 195 Ä GaAs quantum 
well, and 60 Ä barrier (GaAlAs, x = 0.32); 15 A GaAs 
spacer; 1000 Ä GaAs layer Si doped to 1 X 1016 cm"3; 
and 4000 Ä GaAs contact (collector) layer Si doped to 
1.5 X 1018 cm-3. Three samples with D = 0.1 fim 
(sample A), 1 fim (sample B), and 2 fim (sample C) 
were grown. The corresponding current-voltage (I-V) 
characteristics of the three samples for biases, such that 
the electrons flow into RTD from the extended emitter drift 
region, are shown in Fig. 1. The curves are very similar, 
except for the appearance of a strong peak (marked by an 
arrow) between the first and the second resonant peaks, 
in sample C. There is also an overall reduction of the 
width of the resonant peaks for samples B and C, and 
an increase of the off-resonant current for sample B. In 
order to understand these experimental results, we have 
performed a series of various calculations and additional 
experiments. 

A self-consistent calculation [9] of the nonequilibrium 
steady state of our.RTD's shows that, in structures 
with very long emitter drift regions (1 fim or more), a 
potential pocket self-induces on the emitter side. This 
is shown in Fig. 2, which displays the calculated self- 
consistent Thomas-Fermi nonequilibrium steady state 
potential for samples A and C. The result for sample 
B is essentially identical with that for sample C. This 
calculation requires an assumption of the degree of charge 
accumulation across an entire structure. In the heavily 
doped regions, which act as electron reservoirs, one can 
easily define the Fermi level (we assume T « 0). We 
assume that there is no voltage drop across the drift region, 
i.e., it is in equilibrium with the emitter reservoir. The 
RTD has a "thinner" barrier (60 Ä) on the collector side, 
and therefore it might be considered empty for the biases 
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FIG. 1. Current density versus the applied bias for our RTD 
structures. Inset shows a scheme of intersubband transitions 
in sample C, which lead to formation of the additional peak 
indicated by an arrow. The thin solid line represents the theo- 
retical result. 
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FIG. 2. the conduction band edge for samples A and B ver- 
sus distance, in the vicinity of the double barrier for the bias 
corresponding to the additional peak shown in Fig. 1. Dotted 
line represents the quasi-Fermi level. The thin solid lines show 
squares of wave functions of the relevant subbands. 

of interest. This allows one to determine the screened 
potential uniquely in this calculational scheme. 

The fact that the tunneling in sample A occurs essentially 
from the emitter reservoir, while for sample B (and also 
C) it occurs from the self-induced pocket at the RTD, 
immediately explains why the first resonant tunneling peak 
for sample A is much broader than that for sample B (and 
C). Since the resonant peaks of Fig. 1 essentially "project" 
the density of states of the occupied states on the emitter 
side, the broad band of continuum of states in sample A 
shows up as broad resonant peaks in Fig. 1. For samples B 
and C, the tunneling occurs for low biases essentially from 
the single subband of the pocket, which accounts for the 
"narrowness" of the first resonant peak for these samples. 

The overall larger off-resonant current in sample B, as 
compared with sample A, can be explained by the much 
larger electron density in the RTD of sample B due to for- 
mation of the potential pocket. This is essentially similar to 
the alpha decay process [10], and can be easily understood 
classically. Reducing L (the pocket size) increases the fre- 
quency of "strikes" by trapped electrons against the bar- 
rier of the RTD. While, in sample A, L = D = 0.1 /im, 
in samples B and C, L ~ 200 Ä. The resulting much 
larger electron density inside RTD allows for the electron- 
defect [8], or the electron-electron (Auger) [11] scatterings 
to mediate the intersubband electron transport. In these 
elastic processes, the dominant transitions involve an elec- 
tron, scattering from the initial (emitter) subband 2, into 
the lower subband 1 (the lowest subband of RTD) "hori- 
zontally" on the energy momentum diagram, i.e., with no 
energy, but large momentum exchanged. The phase space 
for such transitions is not sensitive to the relative positions 
of the two subbands, and therefore there is no reason for 
an enhancement of the scattering rate at a particular bias. 

This results in an enhancement of the off-resonant current 
in a wide range of biases. 

In the sample with even larger drift region (sample C, 
L = 2 fim), an additional peak appears at the intermedi- 
ate bias between the first and the second resonant peaks 
(see Fig. 1). The peak cannot be due to electron-defect, or 
electron-electron Auger scattering, which are bias insensi- 
tive. Since the relevant intersubband separations are less 
than 35 meV, the electron-LO phonon scattering is sup- 
pressed, and also cannot explain the peak. 

To understand this feature, we must consider the 
electron-electron scattering process. The electron-electron 
scattering rate yscat is given directly by the imaginary part 
of the electron self-energy [12]. It can be shown that, in 
the random phase approximation, -yscat has the convenient 
form of the golden rule, with the screened interaction 
replacing the bare Coulomb interaction [13]. This form 
explicitly shows that singularities of the screened Coulomb 
interaction (collective modes) will strongly contribute 
to the scattering. Electron-electron scattering mediated 
by emission of 2D plasmons of the electron gas trapped 
in RTD was indeed observed in Ref. [6]. In our RTD, 
an intersubband plasmon (ISP) can be excited, which 
can lead to strong enhancement of the electron-electron 
scattering. 

The properties of ISP are illustrated in Ref. [12], 
through calculation of the screened Coulomb interaction 
in a model system consisting of two subbands, with the 
subband separation A. Figure 3 (taken from Ref. [12]) 
shows the absorption spectrum (essentially imaginary part 
of the screened interaction) vs the normalized frequency 
to /A, calculated for this model. The solid line is for the 
in-plane wave vector q = 0.3^, dotted for q = 0.6kF, 
and dashed for q = 1.2kf, where ICF is the Fermi wave 
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vector. The low frequency feature on each curve (for 
<w/A < 1) is the 2D plasmon, and the high frequency 
feature is ISR Note that the absorption due to ISP occurs 
for w > A, i.e., it is depolarization shifted. It is clear that 
ISP is well defined (represented by a sharp peak) only for 
small values of q. For sufficiently large values of q, it is 
Landau damped (it decays into the single particle excita- 
tions), which can be seen in Fig. 3 as a rapid broadening 
of the ISP peak with increasing q. The depolarization shift 
measures the fraction of the absorbed energy transferred 
to the collective motion of electrons associated with ISP. 
The remaining portion of the absorbed energy is used 
to transfer a single electron between the two subbands. 
When the population is inverted in this system, the absorp- 
tion spectrum for small q is dominated by the negative 
(emissive) ISP peak, and the corresponding depolarization 
shift is also negative. The depolarization shift in this case 
measures the fraction of the energy transferred to the 
collective oscillations by an electron scattered from the 
upper to the lower subband. Thus, collective oscillations 
associated with ISP are generated whenever electrons 
are transferred between subbands. The most efficient 
buildup of these collective excitations can occur if both, 
downwards and upwards, electron transitions occur simul- 
taneously. This can happen in a three-subband scenario 
[14], with a large population on the middle (2) subband, 
and almost empty bottom (1) and top (3) subbands. In 
this situation, the spectral response for small q consists 
of two peaks, one due to the ISP of the upper pair (3-2), 
upwards depolarization shifted, and one due to the ISP 
of the lower pair (2-1), downwards depolarization shifted 
from the corresponding intersubband separation. For 
some A21 > A32, the two intersubband peaks can merge 
[14]. This is an attractive crossing, reflecting the resonant 
(stimulated) emission of two ISP. This can provide an 
efficient mechanism for off-resonant current enhancement 
in RTD. The rate of plasmon excitation is equal to the rate 
of the corresponding electron-electron transfer. Using the 
current balance analysis, it is easy to show that one can 
simulate the necessary conditions for this ISP resonant 
process (i.e., first and third subbands empty, and the 
second occupied), by employing an asymmetric RTD, 
with sufficiently thick barriers, and with the injector side 
barrier thicker than the collector one. This is consistent 
with the basic design of our structures, and therefore 
we can expect this phenomenon to occur in our RTD's. 
In fact, the observed off-resonant current peak is fully 
consistent with this process. The bias sensitivity, which 
leads to the peak formation in the I-V characteristics, is 
a result of the stringent requirement for a proper sub- 
band configuration, i.e., essentially A21 = A32, needed 
for the resonant emission of ISP. This subband con- 
figuration, shown schematically in the inset of Fig. 1, 
can always be achieved in our RTD at a particular bias, 
not far from the middle point between the two current 
resonant peaks. 

The above interpretation is fully confirmed by our de- 
tailed calculation for the structure C. To obtain the plas- 
mon excitation rate, we follow the divergent solutions of 
the corresponding Dyson equation for the screened inter- 
action in the complex frequency («) plane. We employ 
here the computational scheme published elsewhere [15]. 
Solutions with positive Im(w) (in our convention) corre- 
spond to growing in time ISP, and the rate of this growth, 
y = Im(&>). For our RTD structure C (or B) we find that 
there is an anticrossing of the two ISP at the expected bias 
corresponding to the A2i =» A32 condition. The result- 
ing maximum scattering rate ymax = 1.02 X 10~5 meV, 
is well above the estimated direct tunneling rate of about 
10-9 meV at this bias. The corresponding current density 
is given by jmax = enp0Cketrmax Ä 0.1 A/cm-2, where e 
is the electron charge, and npocket is the electron density 
in the pocket (on subband 2), and represents the maximum 
value of the Lorentzian broadened peak, shown as a thin 
solid line in Fig. 1. This calculated peak is in good quan- 
titative agreement with experiment. We have used here 
a phenomenological broadening, which in our samples is 
most likely due to the interface roughness. In fact, one 
monolayer fluctuation on each interface of our RTD can 
easily account for the observed ~10% broadening. 

We have also studied effects of the magnetic field ap- 
plied along the growth direction of the structure C, and 
found that there is only a small, overall upwards shift of the 
entire I-V curve with increasing magnetic field. This sug- 
gests that the mechanism responsible for the peak involves 
primarily vertical (small q) electron transitions, supporting 
our interpretation. Applying a magnetic field to sample B 
leads to formation (in the off-resonant tunneling domain) 
of Landau level peaks expected in the system which, in 
the absence of a magnetic field, is dominated by elastic 
(large q) scattering. This is in full agreement with our in- 
terpretation above. Finally, we have excluded the impurity 
states inside the RTD as the source of the peak. The I-V 
curves of Fig. 1 show that the quality of sample C is even 
higher than that of samples B and A. 

In conclusion, we have reported here the first observa- 
tion of the off-resonant tunneling mediated by the resonant 
emission of the intersubband plasmons, in a RTD structure 
with a very long emitter drift region. This process involves 
the resonant plasmon mode interaction, and can occur in 
samples with a minimum of three subbands, and with a 
population inversion between two of the three. In addition, 
the sample must have sufficiently low defect density so as 
to allow for electron transitions with very small in-plane 
momenta, necessary to avoid the Landau damping. The 
very long drift region stimulates formation of the potential 
pocket at the RTD on the emitter side. Tunneling from the 
pocket is enhanced, and this effectively "inserts" the filled 
emitter subband between the two empty subbands of the 
RTD, creating the desired three subband scenario. Our 
detailed calculations are in quantitative agreement with 
the experiment, and confirm fully our interpretation of 
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the strong off-resonant peak in the I-V characteristic of 
our structure. 
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