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Electron reflection and interference in the GaAs/AlAs-Al Schottky collector
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Schottky collector resonant-tunneling diodes~SCRTD’s! have potential for increased oscillator bandwidth,
but may be prone to electron reflection at the semiconductor-metal interface of the Schottky collector. This
reflection has been observed previously using collectors depositedin situ by molecular beam epitaxy: the
reflection was manifested as interference oscillations on the rising slope of the resonant current. This paper
extends the room temperature results of that work to cover the 1.5 K–300 K range, revealing valuable
information on the semiconductor-metal interface, scattering rates, scattering mechanisms, peak-to-valley ra-
tios, electron distribution, and electron transport. The SCRTD oscillation strength was found to depend on the
above-barrier reflection coefficient of the collector metal, and the effect of scattering on virtual states confined
by this reflection. Increased scattering degrades the oscillation strength as temperature is increased. The
primary scattering mechanism was determined to be LO phonon emission, which had a related role in degrad-
ing the main peak-to-valley ratio through scattering in the well of the resonant-tunneling diode~RTD!. The
number of oscillations was dependent on the emitter electron distribution, with thermally activated oscillations
appearing at high temperature. Increasing temperature caused a voltage shift of the oscillations that followed
the GaAs band-gap temperature dependence, implying pinning relative to the GaAs valence band and interface
states with valence-band wave functions. Postresonant oscillations were thought to arise from transport through
the transverseX valley of the second AlAs RTD barrier. An Airy function model of device transmission and
current is presented.@S0163-1829~97!00247-6#
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I. INTRODUCTION

Double barrier resonant-tunneling diodes~RTD’s! are
currently the widest bandwidth semiconductor devices w
gain.1 When an RTD is suitably biased in a tuned circu
gain is provided by the device’s negative differential res
tance~NDR!, allowing sustained oscillation. In 1989 Brow
and co-workers used a small signal RTD equivalent mode
examine the role of intrinsic device parameters in determ
ing f max, the frequency limit of gain.2,3 The equations pre
sented predict a higherf max in designs with reduced parasit
impedancesL, C, andRs. The inductanceL was said to be
proportional to the well-state lifetime, the limiting factor o
switching speed.L is reduced by using thin barriers, allow
ing a simultaneous increase in conductance and oscilla
power. Heavy emitter doping further increases suppl
power. The emitter-collector capacitanceC is reduced using
an undoped spacer separating the collector and double
rier. Larger spacer widths give decreased capacitance,
lead to long electron transit times and decreased N
through voltage-length scaling of theI -V characteristic. It is
possible to avoid this trade-off by moving from tradition
GaAs/AlAs RTD’s to InAs/AlSb RTD’s,4 where the transit
velocity is higher and the indium specific contact resista
570163-1829/98/57~3!/1847~8!/$15.00
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is lower: the reduced series resistanceRs gives a smaller time
constantRsC. Another route to reduced time constant h
been suggested by Konishiet al.5 and Smithet al.,6 using a
Schottky collector in place of the normal Ohmic contact. T
Schottky presents zero small signal impedance, allowin
large reduction inRs at the cost of increased device bia
Using an aluminum collector, a 17 Å/45 Å/17 Å AlAs/GaAs
AlAs RTD and a 350-Å spacer, they named the structure
Schottky collector RTD~SCRTD!.

Konishi et al.5 mentioned the possibility of electron re
flection at the aluminum interface, though their results ga
no evidence for this. In contrast, Weckworth, van der Wa
and Harris7 observed oscillations on the rising slope of t
RTD current in a similar device, but within situ deposited
aluminum. The oscillations were attributed to quantization
the collector spacer, caused by the finite above-barrier refl
tion coefficient of the Schottky barrier biased beyond fl
band. The clarity of the effect is apparently related to t
uniformity of the GaAs-Al interface, enhanced in Ref. 7 b
the in situ deposition. Reflection at epilayer interfaces a
the resulting interference has since been reported elsew
in normal Ohmic contacted thin barrier RTD’s.8 The results
in this paper explore the effect of variable temperature onin
situ fabricated SCRTD’s.
1847 © 1998 The American Physical Society
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II. FABRICATION

Three wafers were grown on~100! GaAs substrates fo
this study. Wafers C763 and C767 were grown with 20 Å/
Å/20 Å AlAs/GaAs/AlAs structures in a VG V80H MBE
machine, with undoped collector spacers of 550 Å and 3
Å, respectively. TheC(V) measured emitter doping leve
were 2.231018 cm23 and 1.931018 cm23, the silicon dopant
being incorporated in half micron layers, separated fr
the RTD’s by a 100-Å undoped layer. T203 was grown in
Varian Gen II with 30 Å barriers and a 250-Å collecto
spacer. Its emitter comprised~in growth order! a 2000-Å
1018 cm23 doped layer, a 500-Å layer with doping graded
1017 cm23, and a 200-Å undoped layer. Each growth i
cluded a 15-h growth interrupt during which the arse
overpressure was pumped away. Aluminum deposition
2000-Å layers commenced the next day at a substrate
perature of;214 °C, and a chamber pressure of;1.5
31029 Torr. The rate used was 0.3mm/h, for which pre-
dominantly single-crystal material might be deduced fro
the results in Ref. 9. Band diagrams for the SCRTD struct
are shown in Fig. 1. The bias required for tunneling throu
the second well state shown could not be reached~excessive
current damaged the devices!. Further mention of well state
or resonance hence refers to the ground state of the we

Fabrication was undertaken with the aim of cryogenica
measuring stableI -V curves. With thin barriers and larg

FIG. 1. Schematic equilibrium and forward bias band diagra
for a SCRTD, showing well states~solid! and spacer state
~dashed!. The well ground state in the biased diagram (E0) lies
between the emitter Fermi energyEfe and the conduction-band
edge, allowing resonant tunneling into the spacer. In the diagr
though,E0 lies between quasibound spacer states, so a minimu
conductance would be expected.eVs is the Schottky barrier heigh
(;0.8 eV) andEfc is the Fermi energy of the aluminum collecto
(;11.6 eV).
0

0

f
m-

e
h

current densities this required small (5mm2) mesas defined
by electron-beam-lithography~EBL!. Extrinsic voltage drops
were eliminated using four-terminal contacts connected i
planar geometry with cross-linked PMMA~polymethyl-
methacrylate! isolation and EBL-defined contact vias.10 The
aluminum was wet etched~prior to self-aligned reactive ion
etching of device mesas! using Shipley Microposit MF319
optical developer, containing tetramethylammonium hydro
ide. This was determined to have an Al etch rate
;120 Å/min, and a negligible GaAs etch rate. The tec
nique gave far superior results to dilute NaOH etching, a
required no nitrogen bubbling11 to avoid attack of the under
lying GaAs. NiGeAu annealed at 380 °C was used to ma
contact to the emitters.

III. RESULTS

Figure 2 shows results for C763, measured with a 410V
parallel resistor for circuit stabilization in the NDR regio
beyond the resonant peak.12 At 1.5 K there are nine oscilla-
tions on the rising slope of the resonance, correspondin
the alignment of nine spacer states with the well state w
the latter is on resonance. A simple length scaling of fi
explains the slow shift of the well state relative to the spa
states: this is demonstrated in Fig. 1. The calculated flat b
energy of the well state (E05107 meV) exceeds the low
temperature emitter Fermi energy~Efe591 meV for 2.2
31018 cm23 donor density!, so resonant threshold occurs b
yond flat band. The observed spacer states are there
virtual—contained by above-barrier reflection at the me
interface. The reflection is caused by the large change
potential energy@eVs1Efc'(0.8111.6) eV# and effective
mass (m* /me50.067→m* /me51) experienced by elec
trons entering the aluminum.7

At high temperature the inset of Fig. 2 shows five ad
tional oscillations at low voltage. These result from therm
smearing of the emitter electron distribution. A high-ener
tail of electrons activated aboveEfe extends the resonance t
lower voltage, allowing observation of spacer states w
lower quantum number. At low temperature these states c
not be probed, since they sweep past the well state before

s

,
in

FIG. 2. C763 SCRTDI -V curves, measured at 1.5 K, and eve
30 K from 30 K to 300 K. The oscillations on the rising slope of th
resonant characteristic are seen more clearly in the inset of di
ential conductance.dI/dV is shown at 1.5 K and 300 K.
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onset of emitter→well tunneling. The thermal smearing ca
be modeled using the coherent current formula from Ref.
modified to account for the rectifying Schottky barrier. Fo
device of areaA, transmission probabilityT(E') and three-
dimensional~3D! emitter density of states, the device curre
is

I 5E
0

`

T~E'!S~E'!dE' ,

where S~E'!5
Aem* kT

2p2\3 lnF11expS Efe2E'

kT D G ~1!

is the emitter supply function.E' is the component of emit
ter electron energy perpendicular to the barriers. The t
perature dependence ofS(E') can easily be shown to repro
duce the background of the C763 characteristics, usin
fixed aread-like transmission profileT(E') and simple lin-
ear scaling of well-state energy with voltage. To reprodu
the current oscillations the integrated transmiss
*T(E')dE' must oscillate as a function ofE' and voltage.
Computer modeling shows this occurs due to an oscilla
of transmission linewidth, or, equivalently, tunnel broade
ing of the well state by alignment with spacers states. T
amplitude of the oscillation depends on the aluminum refl
tion coefficient, which determines the strength of stand
wave interference in the spacer, and consequent modula
of its density of states.

Examination of Fig. 2 shows a shift of theI -V curves to
lower bias with increasing temperature. The shift is sho
more clearly by tracing oscillation position in the graysca
of Fig. 3, a log function of conductance. The cause of
shift is the temperature dependence of the built-in poten
or flat band voltageVbi , which represents an additive voltag
offset of theI -V curves. Figure 1 showsVbi to depend on
two temperature-dependent parameters: the emitter F
energy and Schottky barrier height, withVbi5Efe /e1Vs.
The temperature dependence ofEfe /e was calculated to be
small relative to the observed 0.1 V shift, varying less tha
mV over the 300-K range. The other componentVs varies as
some function of the GaAs band-gap temperature dep
dence and metal Fermi-energy pinning position. The ba
gap temperature dependence is given in Ref. 14

FIG. 3. Grayscale plot of the C763 temperature data, using
scale conductance data measured at 1.5 K, and every 10 K fro
K to 300 K. The dark stripes are the conductance minima follow
each oscillation.
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Eg5@1.51925.40531024 T2/(T1204)] eV, which, con-
verted to voltage asEg /e, is plotted in Fig. 3 as the dashe
line. The line is seen to follow the oscillations. If the chan
in Efe /e is neglected, this impliesVs changes in the sam
manner asEg /e, with the metal Fermi energy pinned relativ
to the GaAs valence band. This tends to support a conclu
drawn in a study of epitaxial silicide-silicon diodes,15 which
stated that the semiconductor contribution to the interf
states that pin the Fermi energy of a metal-semicondu
junction is dominated entirely by the nearest semiconduc
band. In this case the result implies the interface states h
valence-band wave functions. Note we have assumed
that the four-terminal measurement eliminates contact re
tance and gives band diagram energy shifts correspondin
the applied bias.

Another aspect of interest in the grayscale is the osci
tion strength, which as a function of voltage is a balance
two competing processes. Increased spacer-state qua
number implies an increased well-state alignment volta
and larger above-barrier energy for electrons impinging
the aluminum. Since the above-barrier reflection coeffici
decreases monotonically with energy the interference cau
by the reflected waves decreases, progressively weake
the oscillation strength. Countering this effect on the curr
integral of Eq.~1! is a supply function that increases wit
voltage~the well state and tunneling electron energyE' drop
in energy with increasing bias!. The increase in supply func
tion amplifies the current modulation. Modeling incorpora
ing the two effects shows the low-temperature oscillat
strength to be maximized midrange at;1.7 V, agreeing
with the grayscale~the conductance minima are darke
here!.

As a function of temperature the oscillation streng
shows two regimes. Below;1.4 V it increases with increas
ing temperature, while at higher voltage, it decreases. T
again results from a balance of two competing processes
the low-voltage regime the well state lies near the emi
Fermi energy; Fig. 2 shows the two align at;1.2 V, the
low-temperature threshold. The tunneling electrons at bia
near this voltage have energiesE' near the Fermi energy
where the temperature dependence of the supply functio
strongest. The increase ofS(E') with increasing temperature
amplifies the current modulation. In the high-voltage regim
the well state lies further down in energy, where the sup
function increases much more slowly with temperatu
Temperate-dependent scattering processes dominate
causing a decrease in oscillation strength with increas
temperature.

Possible candidates for the scattering mechanisms w
nominated by comparing scattering times with calcula
dwell times. At 1.4 V the spacer transit time ist trans567 fs,
calculated using the semiclassical equations of motion
an effective two-level nonparabolic dispersion relati
\2k2/2m* 5E(11E/E0* ), with E0* 51 eV chosen for the
@100# direction.16 The transit time decreases to 57 fs at
V—a small change implying a near saturated veloc
(108 cm/s),16 caused by band nonparabolicity rather th
mobility limited saturation. The spacer dwell time is calc
lated by neglecting escape back into the well~resonant tun-
neling into the emitter is highly unlikely, since beyond 1.4
the emitter states are almost fully occupied at the tunne

g
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1850 57A. J. NORTHet al.
energy!. If transmission from the spacer into the aluminum
labeled by Tsa, a summation of multiple-reflection
probability-weighted times leads to a geometric progress
and spacer dwell timets5ttransTsa/(2Tsa21). Calculated
values forTsaare over 0.96 above 1.4 V, so the dwell time
on average not much greater than the transit time, and m
electrons will make just one transit. Of course these electr
are not responsible for the interference, and scattering
degrade oscillation strength by phase randomization of e
trons making multiple transits. It is clear, however, that sc
tering is much more likely in the quantum well, since th
has a much longer dwell time oftw55 ps ~calculated using
the transmission linewidth of a coherent model17!. LO pho-
non and electron-electron scattering are both likely to h
time scales smaller this, and are suitable candidates
analysis of our data.

To clarify the effect of scattering, we first present data
the other two wafers. The temperature dependence of C
is shown in Fig. 4. Stabilizing resistors were not used, so
curves show a plateau in the NDR region, representing a
average of unstable oscillation. The resonance width
smaller than C763’s, partly due to the reduced emitter Fe
energy~82 meV at 1.5 K!, but mostly due to the reduce
spacer thickness, which causes the well state to move d
in energy more quickly with bias. The thermal activation a
band-gap shift are again apparent, and the curves s
fewer, more widely spaced oscillations, as expected from
confinement energies of the thinner spacer. The oscillat
are much stronger in this device, suggesting either an
hanced aluminum reflection coefficient or reduced scatter
Interfacial contamination representing areal barrier for elec-
trons impinging on the aluminum could dramatically e
hance the reflection coefficient, but was not thought lik
given the high-vacuum growth conditions. Since the grow
conditions were identical for C763 and C767, we take this
imply that scattering in the spacer plays a major role in
cillation strength, with the decreased transit time of C7
leading to a reduced scattering probability. At 1.4 V the c
culated C767 transit time is 36 fs, from which we infer
scattering time scale of the same order.

The two arrows in Fig. 4 point to postresonant oscil
tions. Like the on-resonance oscillations, these probably
sult from real-space electron transfer between 2D states
they do not shift in voltage when a magnetic field is appl

FIG. 4. C767 SCRTDI -V curves, measured at 1.5 K, and eve
30 K from 30 K to 300 K.
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perpendicular to the current direction. This implies that t
transfer does not conserve momentum.8,18 An obvious possi-
bility here is LO phonon emission-assisted transfer from
emitter states to the post-resonant well state. An emitter
cumulation layer is not thought to exist in this sample, ho
ever, given the high dopant density near the RTD and br
resonant peak, which indicates a 3D emitter density of sta
If the oscillationswerecaused by phonon emission from a
emitter accumulation layer, they would split in magne
field applied parallel to the current direction, due to Landa
level quantization.19 No splitting was observed up to 9 T
Furthermore, in a separate experiment with a stabilizing
sistor and 2.7 V bias range, many post-resonant oscillat
were revealed. High-order LO phonon processes are
likely, and the features had the same voltage spacing as
on-resonance oscillations, implying spacer-state invol
ment. The mechanism responsible is thought to involv
momentum nonconserving probing of the spacer density
states by states confined to the transverseX valleys of the
second AlAs barrier.

Figure 5 shows the T203 temperature dependence.
reduced current of this thicker barrier device allow
capacitive20 stabilization of the NDR characteristic, with
50 V-6 mF seriesRC circuit connected in parallel to the
RTD. The T203 results are markedly different from C767
for a comparable spacer length. The oscillations are m
weaker, being only just visible in the log of conductance
300 K. There are two possible reasons for this, the first be
a modified supply function. In contrast to C767 and C76
magneto-oscillations in current were detected in T203 at
K near threshold, in 0→9 T parallel magnetic field, at cur
rents up to a maximum of 40mA. These are caused by th
depopulation of emitter Landau levels passing through
emitter Fermi energy with increasing field.21 They require a
thermalized emitter accumulation layer, provided in th
sample by the reduced emitter doping and thicker emi
spacer layer. Electrons injected from the emitter contact th
malize from 3D states into the 2D accumulation layer
acoustic-phonon emission, and escape by tunneling into
well. For currents above 40mA, the escape rate was calcu
lated to be faster than the thermalization rate;@100 ps#21,
so the accumulation layer could not be maintained, expla
ing the disappearance of the magneto-oscillations. Bey
threshold~at currents above 40mA! the form of the supply
function is speculative. We think that an acoustic-phon

FIG. 5. T203 SCRTDI -V curves, measured at 1.5 K, and eve
30 K from 30 K to 300 K. The 300 K conductance is shown ins
with weak oscillations in the thermally activated current.
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bottleneck is inconsistent with the rapidly increasing curre
and hypothesize a transformation of the emitter density
states from 2D to 3D, resulting from an inability of the em
ter accumulation layer to screen further increases in volta
With reduced screening, the bump in the conduction b
caused by electron diffusion into the low doped emit
layers22 would be pulled down by bias. The accumulatio
layer lying between the RTD and this bump would lose
confinement, and the emitter would become 3D. In any c
it is clear that the form of the supply function does not fo
low Eq. ~1!, making a comparison with C767 difficult. Th
resonance is much thinner in T203, with room for only o
on-resonance oscillation. Note again the appearance
postresonant oscillations.

The other possible cause for weakened oscillations
T203 is the increased barrier thickness. The calculated
lifetime with 30-Å barriers is 200 ps—very much longer th
the 5-ps figure of the other devices. Note here that electr
must tunnel into the spacer from the well state in order
observe the oscillations, since the well state is used to pr
the spacer states.7 Inelastic transport mechanisms with tim
scales less than 200 ps may violate this condition, allow
escape into the spacer through scattering. This could inv
~for example! phonon-assisted transfer through theX valley
of the secondAlAs barrier. This type of transport would
wash out the oscillations. The postresonant data supports
idea. Stabilization of the 1.5-K C767 characteristic give
peak-to-valley ratio~PVR! of 8.2, over two times higher tha
T203’s value of 3.9. The poor T203 PVR may be taken
indicate a decreased coherent current component, and, in
ticular, increased inelasticbarrier transfer. Broadening of the
well state by scattering23 within the well is not thought an
appropriate explanation; this should not be much greate
T203 and would not be so large as to wash out the osc
tions, since the spacer states have a separation of;120 meV
in this sample.

A comparison of results for the three wafers highlights
conditions required for maximizing oscillation visibility
Short spacers increase oscillation strength through decre
scattering. Thin RTD barriers drop the well lifetime and i
crease the likelihood of a coherent well→spacer escape pro
cess. The reduction in inelastic escape increases oscilla
strength. Heavy emitter doping gives a 3D density of sta
with a large Fermi energy, giving an increased resona
width—allowing the well state to probe more spacer sta
for a given spacer-state separation. These conditions are
actly those used for the design of Konishi and Smith’s hig
speed SCRTD’s. The absence of oscillations in their d
suggests the interface of theirex situdeposited aluminum is
spatially nonuniform, and does not give the specular refl
tion required for spacer-state quantization.

Having discussed each wafer, we now pinpoint the r
evant scattering mechanisms. To do this we compare
temperature dependence of possible scattering mechan
with experimental data. Considering first the well region,
discuss the PVR of the main resonance. More specifica
we discuss its temperature dependence; in contrast to
argument of barrier transfer, the absolute value of the PV
not important here. Using the model of Bu¨ttiker,23 we con-
sider the PVR to depend on scattering induced broadenin
the well state, which, with temperature-dependent sca
t,
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mechanisms, leads to a temperature-dependent PVR. T
mally activated transport through theX valley of the first
AlAs barrier leads to another source of temperature dep
dent postresonant current, but the energy of theX valley state
is quite high,24 and this mechanism does not contribute s
nificantly to the temperature dependence of the valley c
rent in these samples.

As mentioned earlier, electron-electron scattering and
phonon scattering are likely to have time scales less tha
ps, and with well lifetimes of 5 ps~C763,C767! and 200 ps
~T203!, are likely to occur in the well. In C763 and C76
electron-electron scattering can be discounted as the cau
the PVR temperature dependence, since the well elec
distribution is hot, having insufficient time for acoustic
phonon thermalization. The current continuity equations
5 j tw /e ~with current densityj and well charge densitys!
can be used with the 2D density of statesD(E)5m* /p\2 to
show almost all in-plane well states are unoccupied, so
phase space available for electron-electron scattering is
ready large at low temperature, and does not require ther
smearing of the distribution to conform with the exclusio
principle. The;kT temperature enhancement of the pha
space is relatively weak, and cannot explain the decreas
PVR. LO phonon scattering is a more likely explanatio
when allowed by energy conservation, intrasubband LO p
non emission was determined to be the fastest scatte
mechanism of all impurity-, defect-, and phonon-related p
cesses considered in the quantum well of Ref. 25; this
cluded intersubband and interwell processes.

To consider the effect of the energy-conservation requ
ment, note that the onset of NDR is determined by the bia
which the well state aligns with the emitter conduction-ba
edge. Electrons tunneling into the well at the resonant p
will therefore have a spread of in-plane energy matching
emitter energy distribution. The maximum in-plane ener
of the distribution exceeds the GaAs LO phonon ene
(\vLO536 meV) in C763 and C767 even at low temper
ture, whereEfe is 91 meV and 82 meV, respectively. A
mentioned, the emitter energy distribution of T203 is co
plicated, but it probably also spans a range larger th
\vLO . With a scantly occupied or highly nondegenera
well, the energy conservation requirement for the occurre
of LO phonon emission at or beyond the current peak
satisfied.

Numerical calculation of the LO phonon scattering ra
was made using formulas from Ref. 26, derived for the
teraction of bulk GaAs phonons with asingleelectron con-
fined in a quantum well. The limit of nondegeneracy w
thus taken—a simplifying approximation that eliminat
Fermi occupancy and screening factors. To further simp
matters, the in-plane electron energy was taken to be\vLO ,
the emission threshold. The scattering rate was then give

tLO
215avLO@p~11nB! f ~g!1&nBK~1/& ! f ~&g!#,

~2!

where g5A2m* \vLO is the electron wave vector andnB
5(e\vLO /kT21)21 is the Boltzmann distribution of
phonons.K, a, and f are factors defined in Ref. 25, give
here by27 a50.07, K(1/&)51.85, f (g)50.48 andf (&g)
50.29. The first term in the brackets of Eq.~2! is due to LO



o

n

e
i

s
n
c

tio
e
dt
t

th
es
ow

th
c
is
n

er
in

te
d
d
lle
t
w
i-
o

ith

fies
on;

r
sult

lec-
o-
ith
off-
on
ence
ed
at

en
g a

ted
cer
opri-

we

ter-

us-
age

the
We
us
tion
of

less
his
nd
the
s

his
na-
fe-
ote
la-

it

ible
ied
cts
of

to
th

1852 57A. J. NORTHet al.
phonon emission, and the second due to absorption. N
that with in-plane electron energies>\vLO , emission is a
much quicker process: even at room temperature emissio
eight times faster. The scattering timetLO is plotted as a
function of temperature in Fig. 6~a!, decreasing at a kne
around 80 K from a low-temperature value of 0.18 ps. This
much less than the well lifetimes, suggesting asequential
process for tunneling through the well at the emission thre
old energy. Higher-energy electrons would emit phono
more rapidly, from which we conclude phase coheren
through the entire device is not a requirement for observa
of the oscillations. This is understood by use of the unc
tainty relation, which gives a scattering broadened linewi
G'\/tLO'3.7 meV; a figure much below the spacer-sta
separation. So, scattering in the well does little to affect
on-alignment/off-alignment transmission contrast. It do
however, affect the on-resonance/off-resonance PVR, sh
for C763 and T203 in Figs. 6~b! and 6~c!.

The similarity between Figs. 6~a!, 6~b!, and 6~c! can be
explained using the model of Bu¨ttiker.23 This considers on-
and off-resonant transmission through a double barrier in
presence of phase randomization and scattering-indu
broadening of the well state. For a wide incident carrier d
tribution, the peak-to-valley ratio of the on and off-resona
current was shown to vary as;1/G. With a linewidth domi-
nated by scattering-induced broadening, one would, th
fore, expect the PVR to be proportional to the scatter
time, using the uncertainty relation 1/G5t/\. Applying that
expectation in comparing Figs. 6~a!, 6~b!, and 6~c! is by no
means rigorous, since Bu¨ttiker’s model was derived for a
one-dimensional conductor. Here the situation is complica
by our wide range of in-plane electron energies, and the
pendence of the scattering time on those energies. In a
tion, other scattering mechanisms contribute to the va
current—if not its temperature dependence, and canno
easily factored out. In lieu of a mathematical comparison,
suggest that theform of the curves be compared. The sim
larity implies the PVR decreases as a result of LO phon
scattering in the well. This is in the most part emission, w

FIG. 6. The effect of the LO phonon interaction on peak-
valley ratios:~a! the scattering time for an electron in the well wi
in-plane energy equal to the LO phonon emission threshold~36
meV!, ~b! the C763 main PVR,~c! the T203 main PVR,~d! the
C767 oscillation PVR, for the oscillation at;1.55 V.
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the slight upward curve at high temperature in Fig. 6~c! re-
sulting from the absorptive component of Eq.~2!. One would
expect these conclusions to hold for any RTD which satis
the conservation requirement for LO phonon emissi
namely, one with large in-plane energies~heavy emitter dop-
ing! and sparsely occupied wells~thin barriers!.

The arguments of Bu¨ttiker can be applied to the space
states, by considering the on-resonance oscillations to re
from resonant transmission through the spacer, with e
trons incident from a narrow probing well state. ‘‘On res
nance’’ then corresponds to alignment of the well state w
a spacer state, and ‘‘off resonance’’ corresponds to an
alignment situation. The peak-to-valley ratio of an oscillati
then gives a measure of spacer-state broadening and h
scattering in the spacer. The oscillation PVR is easily defin
for C767; the temperature dependence for the oscillation
;1.55 V is shown in Fig. 6~d!. At 1.5 K, the peak position
of this oscillation is approximately 80% of the way betwe
the threshold and peak of the main resonance, predictin
tunneling energy'20%3Efe50.2382 meV'16 meV. This
is sufficiently remote from the Fermi energy to be unaffec
by thermal activation of the supply function. Note the spa
density of states has many broad peaks, and is not appr
ate for application of Eq.~2!. A bulk scattering formula28

with electron energies.E05107 meV was found to give
results much like those of the 2D formula however, so
conclude that the similarity between Figs. 6~a! and 6~d! im-
plies oscillation strengths determined by LO phonon scat
ing in the spacer, in the most part emission.

IV. MODELING

We have modeled the characteristics of the SCRTD’s
ing a phase-coherent envelope function with a linear volt
profile. Results for one of the devices~C763! are presented
here. Airy functions were used to speed computation in
GaAs regions, necessitating a neglect of nonparabolicity.
have ignored charge buildup in the well, which in a rigoro
treatment would require a self-consistent Poisson correc
to the linear voltage approximation. The screening effect
charge thus modeled would make the well-state energy
sensitive to bias. The correction required to account for t
was calculated using the current continuity equation a
Poisson’s equation to be 0.1 V/ma for C763, extending
resonance by;0.2 V. Provision for inclusion of such effect
was seen to be unnecessary in this discussion.

Beyond flat band bias, the device transmissionT(E') has
a single peak at the tunneling energy of the well-state. T
has a Lorentzian line shape, allowing a curve fit determi
tion of well-state energy, maximum transmission, and li
time. These are displayed as a function of bias in Fig. 7. N
that here the lifetime is defined though the uncertainty re
tion by the coherently modeled Lorentzian linewidth.17 Since
transport through the well is by far the rate limiting step,
can be regarded as the well lifetime.

The spacer standing wave interference has a neglig
effect on well-state energy; this is linearly related to appl
bias in the linear potential model. The interference affe
maximum transmission and lifetime through modulation

-
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the spacer density of states, causing bias dependent os
tions. Each dip in lifetime corresponds to a dip in maximu
transmission as the well state aligns to a spacer state. Th
equivalent to tunnel broadening of the well state—with
broadened Lorentzian linewidth, theintegratedtransmission
increases, implying through Eq.~1! an increase in conduc
tance. Peaks in lifetime occur when the well state lies
tween spacer states. The conductance dips here, so ov
we get conductance oscillations of the same period as
lifetime. The lifetime appears to be physically more mea
ingful than maximum transmission, since it relates directly
conductance through integrated transmission. The maxim
transmission oscillates in a rather peculiar manner,decreas-
ing when the states align, and seeming to fold overT51 at
low bias. The behavior demonstrates that caution is requ
in describing SCRTD-like structures. Phrases such as ‘‘tra
mission increases when the states align’’ could be wro
unless it is understood that it is theintegratedtransmission
that increases, as a result of tunnel broadening. Note tha
sharply oscillating structure of the low bias transmission
unrelated to proximity splitting: the transmission line sha
remains Lorentzian here, since electrons beyond flat band
poorly confined to the spacer, possessing a~relative! prob-
ability amplitude insufficient for splitting of the well state
The drop in maximum transmission at high bias results fr
the increasing asymmetry of the double barrier.

The lifetime oscillates like a damped sinusoid about
'5.4 ps. The damping results from a decreasing abo
barrier reflection coefficient, which can be shown using
plane-wave approximation to vary monotonically as

R5S Am* /me~11f/E!21

Am* /me~11f/E!11
D 2

, ~3!

wheref5eVs1Efc'12.4 eV is the potential drop into th
aluminum. At high bias the reflection is negligible, and t
lifetime settles down to the intrinsic double barrier valu
This is the value that would normally be used in calculat
of device inductanceL, for biases in the NDR region. Th
aluminum reflection should therefore have little effect
calculation off max in this device.

The current calculated with Eq.~1! is displayed in Fig. 8,
comparing theory and experiment at 1.5 K. The peak heig

FIG. 7. C763 maximum device transmission~solid! and lifetime
~dashed! beyond flat band bias.
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were matched by increasing the electric-field penetration
the emitter from zero to 18 Å. This increased the peak hei
at the expense of resonance width~the well state dropped
more quickly with bias, causing the device to go off res
nance sooner!. In spite of this the modeled resonance wid
is overly large—one would expect it to be narrower th
experiment given the neglect of well charge. The neglec
scattering in the well leads to underestimation of valley c
rent, while the neglect of scattering in the spacer leads to
overestimation of oscillation strength. The oscillation spa
ing, however, agrees fairly well.

Similar attempts at modeling the C767 low-temperatu
characteristic dramatically underestimated oscillat
strength, in spite of the neglect of scattering in the spa
This may be related to the parabolic band assumption.
aluminum reflection coefficients calculated using flux matc
ing conditions depend on velocities or wave vectors gros
overestimated by the parabolic assumption. Reduced inci
velocities give an increased reflection coefficient, so a
nonparabolic model may better predict oscillation streng
as would incorporation of scattering in the spacer. It wou
nonetheless be difficult to calculatef max for a device exhib-
iting such strong oscillations, since the lifetime and indu
tance could change significantly within the NDR region, a
cording to bias-dependent alignment of the well state a
spacer states. Use of the intrinsic double barrier inducta
would most likely give an inaccurate result.

Before concluding we mention the possibility of probin
the superconducting band gap of anin situ deposited collec-
tor. This would be possible for indium depositedin situ on
an InAs spacer with an InAs/AlSb RTD. The indium Ferm
energy pins above the conduction band of InAs, so the
would be accessible for probing with the RTD state.

V. CONCLUSIONS

Thin barrier RTD’s with a collector spacer and Schott
collector have potential for increased bandwidth, but
prone to electron reflection from the semiconductor-me
interface of the Schottky collector. Within situ deposited
metal this causes standing-wave interference in the colle
spacer. The resulting quasibound states sweep past the
well state with increasing bias, causing oscillations to app
on the rising slope of the RTDI -V characteristic. Postreso

FIG. 8. C763 theoretical~solid! and experimental~dashed! I -V
curves at 1.5 K.
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nant oscillations result from a momentum nonconserv
probing of the spacer states by the transverseX valley state
of the second AlAs barrier.

The voltage dependence of oscillation strength res
from two opposingly balanced factors: the emitter supp
function and metal reflection coefficient. The temperatu
dependence of oscillation strength also comes from two
posingly balanced factors: the emitter supply function a
scattering within the spacer. A comparison of time scales
temperature-dependent behavior shows this scattering
dominated by interaction with LO phonons, consistin
mostly of emission. LO phonon emission by electrons co
fined to the RTD well causes a related temperatu
dependent degradation of the RTD peak-to-valley current
tio.

The number of on-resonance oscillations depends on
parameters: emitter doping level and spacer width. T
former determines the resonance width—wider at high te
peratures, allowing observation of more oscillations. The
ter determines the oscillation spacing through the spa
.

a

.
l

g

lts
ly
re
p-
d
nd

is
g
n-
e-
ra-

wo
he

-
t-
er

state separation and voltage scaling. The oscillations m
with temperature according to the GaAs band-gap tempe
ture dependence, implying a pinning of the aluminum Fer
energy relative to the GaAs valence-band edge and he
pinning states with valence-band wave functions.

A coherent envelope-function effective-mass model w
used to describe low-temperature SCRTD characterist
The device lifetime was seen to oscillate as a function of b
due to the bias-dependent alignment of spacer states with
well state. While the model was lacking in the use of pa
bolic bands, neglect of scattering and charge, it is appa
that the lifetime oscillation will cause an oscillation of devic
inductanceL. This could complicate calculation off max, the
maximum speed of operation.
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