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Schottky collector resonant-tunneling diod€&&CRTD’g 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 depdsitsiiu 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 dd@». 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 transvers& valley of the second AlAs RTD barrier. An Airy function model of device transmission and
current is presentediS0163-18207)00247-9

. INTRODUCTION is lower: the reduced series resistamRzgives a smaller time
constantR,C. Another route to reduced time constant has
Double barrier resonant-tunneling diodéBTD’s) are  peen suggested by Konisét al® and Smithet al.® using a
currently the widest bandwidth semiconductor devices withSchottky collector in place of the normal Ohmic contact. The
gain! When an RTD is suitably biased in a tuned circuit, Schottky presents zero small signal impedance, allowing a
gain is provided by the device’s negative differential resis-large reduction inR, at the cost of increased device bias.
tance(NDR), aIIowing sustained oscillation. In 1989 Brown Using an aluminum collector, a 17 A/as AI17 A AlAs/GaAs/
and co-workers used a small signal RTD equivalent model t\|JAs RTD and a 350-A spacer, they named the structure the
examine the role of intrinsic device parameters in determinSchottky collector RTD(SCRTD).
ing fmax, the frequency limit of gaif® The equations pre-  Konishi et al® mentioned the possibility of electron re-
sented predict a highé,,, in designs with reduced parasitic flection at the aluminum interface, though their results gave
impedanced, C, andRs. The inductancé was said to be no evidence for this. In contrast, Weckworth, van der Wagt,
proportional to the well-state lifetime, the limiting factor of and Harrid observed oscillations on the rising slope of the
switching speedL is reduced by using thin barriers, allow- RTD current in a similar device, but witim situ deposited
ing a simultaneous increase in conductance and oscillatioaluminum. The oscillations were attributed to quantization in
power. Heavy emitter doping further increases suppliedhe collector spacer, caused by the finite above-barrier reflec-
power. The emitter-collector capacitanCes reduced using tion coefficient of the Schottky barrier biased beyond flat
an undoped spacer separating the collector and double basand. The clarity of the effect is apparently related to the
rier. Larger spacer widths give decreased capacitance, buhiformity of the GaAs-Al interface, enhanced in Ref. 7 by
lead to long electron transit times and decreased NDRhe in situ deposition. Reflection at epilayer interfaces and
through voltage-length scaling of theV characteristic. Itis  the resulting interference has since been reported elsewhere
possible to avoid this trade-off by moving from traditional in normal Ohmic contacted thin barrier RTD’S he results
GaAs/AlAs RTD’s to InAs/AlISb RTD’¢! where the transit in this paper explore the effect of variable temperaturénon
velocity is higher and the indium specific contact resistancesitu fabricated SCRTD's.

0163-1829/98/5()/18478)/$15.00 57 1847 © 1998 The American Physical Society



1848 A. J. NORTHet al. 57

Well states Spacer states 7

Current (mA)

1.5K

05 1 15 2 2.5
Voltage (V)

Undoped GaAs

FIG. 2. C763 SCRTD-V curves, measured at 1.5 K, and every
Al 30 K from 30 K to 300 K. The oscillations on the rising slope of the
Forward bias resonant characteristic are seen more clearly in the inset of differ-
ential conductancall/dV is shown at 1.5 K and 300 K.
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current densities this required small (8n?) mesas defined
by electron-beam-lithograph¥eBL.). Extrinsic voltage drops
were eliminated using four-terminal contacts connected in a
planar geometry with cross-linked PMMApolymethyl-
FIG. 1. Schematic equilibrium and forward bias band diagraméﬂeth,acryla&'SOIat'On and EBL-defmed .contact w?a%?l’h_e
for a SCRTD, showing well stategsolid) and spacer states alum'num WaS_Wet emhe@).r'or to §e|f-ahg_ned re"_"Ct'Ve on
(dashedl The well ground state in the biased diagrafi) lies ~ €tching of device mesasising Shipley Microposit MF319
between the emitter Fermi enerd, and the conduction-band Optical developer, containing tetramethylammonium hydrox-
edge, allowing resonant tunneling into the spacer. In the diagranide. This was determined to have an Al etch rate of
though,E, lies between quasibound spacer states, so a minimum in- 120 A/min, and a negligible GaAs etch rate. The tech-
conductance would be expectaxl, is the Schottky barrier height nique gave far superior results to dilute NaOH etching, and
(~0.8 eV) andE. is the Fermi energy of the aluminum collector required no nitrogen bubblidyto avoid attack of the under-
(~11.6 eV). lying GaAs. NiGeAu annealed at 380 °C was used to make
contact to the emitters.

| Emitter | RTD | Collector spacer 1 CollectorJ

Il. FABRICATION

Ill. RESULTS
Three wafers were grown of100 GaAs substrates for

this study. Wafers C763 and C767 were grown with 20 A/50 Figure 2 shows results for C763, measured with a @10
A/20 A AlAs/GaAs/AlAs structures in a VG V80H MBE parallel resistor for circuit stabilization in the NDR region
machine, with undoped collector spacers of 550 A and 30Meyond the resonant pedkAt 1.5 K there are nine oscilla-
A, respectively. TheC(V) measured emitter doping levels tions on the rising slope of the resonance, corresponding to
were 2.2 10" cm 2 and 1.9<10'® cm™3, the silicon dopant the alignment of nine spacer states with the well state while
being incorporated in half micron layers, separated fronthe latter is on resonance. A simple length scaling of field
the RTD’s by a 100-A undoped layer. T203 was grown in aexplains the slow shift of the well state relative to the spacer
Varian Gen |l with 30 A barriers and a 250-A collector states: this is demonstrated in Fig. 1. The calculated flat band
spacer. Its emitter comprise@h growth ordey a 2000-A  energy of the well stateH,=107 meV) exceeds the low-
10'® cm2 doped layer, a 500-A layer with doping graded to temperature emitter Fermi energi;,=91 meV for 2.2
10 cm™3, and a 200-A undoped layer. Each growth in- X 10'® cm™3 donor density, so resonant threshold occurs be-
cluded a 15-h growth interrupt during which the arsenicyond flat band. The observed spacer states are therefore
overpressure was pumped away. Aluminum deposition ofirtual—contained by above-barrier reflection at the metal
2000-A layers commenced the next day at a substrate teninterface. The reflection is caused by the large change in
perature of~—14 °C, and a chamber pressure ofLl.5 potential energy eVs+ E;~(0.8+11.6) eV] and effective
x107° Torr. The rate used was 0,8m/h, for which pre- mass M*/m,=0.067—m*/m,=1) experienced by elec-
dominantly single-crystal material might be deduced fromtrons entering the aluminun.
the results in Ref. 9. Band diagrams for the SCRTD structure At high temperature the inset of Fig. 2 shows five addi-
are shown in Fig. 1. The bias required for tunneling throughtional oscillations at low voltage. These result from thermal
the second well state shown could not be readlesdessive smearing of the emitter electron distribution. A high-energy
current damaged the devigeEurther mention of well states tail of electrons activated abog, extends the resonance to
or resonance hence refers to the ground state of the well. lower voltage, allowing observation of spacer states with
Fabrication was undertaken with the aim of cryogenicallylower quantum number. At low temperature these states can-
measuring stablé-V curves. With thin barriers and large not be probed, since they sweep past the well state before the
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Ey=[1.519-5.405x10* T?/(T+204)] eV, which, con-
verted to voltage agy/e, is plotted in Fig. 3 as the dashed
line. The line is seen to follow the oscillations. If the change
in Eq/e is neglected, this implie¥s changes in the same
manner ag& /e, with the metal Fermi energy pinned relative
to the GaAs valence band. This tends to support a conclusion
drawn in a study of epitaxial silicide-silicon diod&swhich
stated that the semiconductor contribution to the interface
states that pin the Fermi energy of a metal-semiconductor
junction is dominated entirely by the nearest semiconductor
band. In this case the result implies the interface states have

Temperature (K)

1.2 . . valence-band wave functions. Note we have assumed here
Voltage (V) that the four-terminal measurement eliminates contact resis-
FIG. 3. Grayscale plot of the C763 temperature data, using Ioégnce and gives band diagram energy shifts corresponding to
scale conductance data measured at 1.5 K, and every 10 K from 14J€ applied bias. _ _ _ _
K to 300 K. The dark stripes are the conductance minima following ~Another aspect of interest in the grayscale is the oscilla-
each oscillation. tion strength, which as a function of voltage is a balance of
two competing processes. Increased spacer-state quantum
onset of emitter-well tunneling. The thermal smearing can "UMber implies an increased well-state alignment voltage
be modeled using the coherent current formula from Ref, 132nd larger above-barrier energy for electrons impinging on
modified to account for the rectifying Schottky barrier. For ath€ aluminum. Since the above-barrier reflection coefficient
device of area, transmission probabilitf (E, ) and three- decreases monotonically with energy the mte_rference caus_ed
dimensional3D) emitter density of states, the device currentPY the reflected waves decreases, progressively weakening
is the oscillation strength. Countering this effect on the current
integral of Eq.(1) is a supply function that increases with
% voltage(the well state and tunneling electron enekyydrop
I= jo T(EL)S(EL)E, , in energy with increasing biasThe increase in supply func-
tion amplifies the current modulation. Modeling incorporat-
Ewe—E, ing the two effects shows the low-temperature oscillation
where S(E,)= —_—z5-In| 1+ exp( T ) (1)  strength to be maximized midrange at1.7 V, agreeing
with the grayscale(the conductance minima are darkest
is the emitter supply functiorg, is the component of emit- here.
ter electron energy perpendicular to the barriers. The tem- As a function of temperature the oscillation strength
perature dependence 8(E, ) can easily be shown to repro- shows two regimes. Below 1.4 V it increases with increas-
duce the background of the C763 characteristics, using #g temperature, while at higher voltage, it decreases. This
fixed areas-like transmission profild (E,) and simple lin-  again results from a balance of two competing processes. In
ear scaling of well-state energy with voltage. To reproducdhe low-voltage regime the well state lies near the emitter
the current oscillations the integrated transmissionFermi energy; Fig. 2 shows the two align atl.2 V, the
JT(E,)dE, must oscillate as a function &, and voltage. low-temperature threshold. The tunneling electrons at biases
Computer modeling shows this occurs due to an oscillatiomear this voltage have energi€s near the Fermi energy,
of transmission linewidth, or, equivalently, tunnel broaden-where the temperature dependence of the supply function is
ing of the well state by alignment with spacers states. Thetrongest. The increase $(E, ) with increasing temperature
amplitude of the oscillation depends on the aluminum reflecamplifies the current modulation. In the high-voltage regime
tion coefficient, which determines the strength of standinghe well state lies further down in energy, where the supply
wave interference in the spacer, and consequent modulatidonction increases much more slowly with temperature.
of its density of states. Temperate-dependent scattering processes dominate here,
Examination of Fig. 2 shows a shift of theV curves to  causing a decrease in oscillation strength with increasing
lower bias with increasing temperature. The shift is showrtemperature.
more clearly by tracing oscillation position in the grayscale Possible candidates for the scattering mechanisms were
of Fig. 3, a log function of conductance. The cause of thenominated by comparing scattering times with calculated
shift is the temperature dependence of the built-in potentiaflwell times. At 1.4 V the spacer transit time 4g,,=67 fs,
or flat band voltag®/,,;, which represents an additive voltage calculated using the semiclassical equations of motion and
offset of thel-V curves. Figure 1 show¥,; to depend on an effective two-level nonparabolic dispersion relation
two temperature-dependent parameters: the emitter FermiPk?/2m* =E(1+E/Eg), with Ef =1 eV chosen for the
energy and Schottky barrier height, with,=E;./e+ V. [100] direction?® The transit time decreases to 57 fs at 2
The temperature dependencekf/e was calculated to be V—a small change implying a near saturated velocity
small relative to the observed 0.1 V shift, varying less than §10° cm/s) !° caused by band nonparabolicity rather than
mV over the 300-K range. The other compon¥gtvaries as  mobility limited saturation. The spacer dwell time is calcu-
some function of the GaAs band-gap temperature deperated by neglecting escape back into the watisonant tun-
dence and metal Fermi-energy pinning position. The bandneling into the emitter is highly unlikely, since beyond 1.4 V
gap temperature dependence is given in Ref. 14 athe emitter states are almost fully occupied at the tunneling
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FIG. 4. C767 SCRTD-V curves, measured at 1.5 K, and every __ /G- 5. T203 SCRTD-V curves, measured at 1.5 K, and every
30 K from 30 K to 300 K. 30 K from 30 K to 300 K. The 300 K conductance is shown inset,

with weak oscillations in the thermally activated current.

energy. If transmission from the spacer into the aluminum isperpendicular to the current direction. This implies that the
labeled by Ty, a summation of multiple-reflection transfer does not conserve momenttiti An obvious possi-
probability-weighted times leads to a geometric progressiofility here is LO phonon emission-assisted transfer from 2D
and spacer dwell timer= Ty, o/ (2T~ 1). Calculated emitter states to the post-resonant well state. An emitter ac-
values forT,are over 0.96 above 1.4 V, so the dwell time is Cumulation layer is not thought to exist in this sample, how-
on average not much greater than the transit time, and mo§¥€r. given the high dopant density near the RTD and broad
electrons will make just one transit. Of course these electron€Sonant peak, which indicates a 3D emitter density of states.

are not responsible for the interference, and scattering wil tht? oscnlatlonlsmé'ereciausedtﬁy phonolg emlfs]on from r?n
degrade oscillation strength by phase randomization of elecfeig;('j g;r)pallig%u;naurslgr:o ?ggrc':urrgzt \(Ijvi(r)gctioiptljug] tc:nl?gr?dealg-
trqns ”.‘a"'”g multiple Fransqs. Itis clear, however, 'that SC‘.”u'level quantizatiort® No splitting was observed up to 9 T.

tering is much more likely in the quantum well, since this

. . Furthermore, in a separate experiment with a stabilizing re-
has a much longer dwell time af,=5 ps(calculated using P b g

LI . sistor and 2.7 V bias range, many post-resonant oscillations
the transmission linewidth of a coherent mddelLO pho- | cre revealed. High-order LO phonon processes are un-

non and electron-electrc_)n scattering are both Iikely to haveﬁke|y, and the features had the same voltage spacing as the
time scales smaller this, and are suitable candidates fQ§n_resonance oscillations, implying spacer-state involve-
analysis of our data. ment. The mechanism responsible is thought to involve a

To clarify the effect of scattering, we first present data formomentum nonconserving probing of the spacer density of
the other two wafers. The temperature dependence of C76states by states confined to the transveétsealleys of the
is shown in Fig. 4. Stabilizing resistors were not used, so theecond AlAs barrier.
curves show a plateau in the NDR region, representing a dc Figure 5 shows the T203 temperature dependence. The
average of unstable oscillation. The resonance width iseduced current of this thicker barrier device allowed
smaller than C763's, partly due to the reduced emitter Fermiapacitivé® stabilization of the NDR characteristic, with a
energy (82 meV at 1.5 K, but mostly due to the reduced 50 Q-6 uF seriesRC circuit connected in parallel to the
spacer thickness, which causes the well state to move dowRTD. The T203 results are markedly different from C767's,
in energy more quickly with bias. The thermal activation andfor a comparable spacer length. The oscillations are much
band-gap shift are again apparent, and the curves showeaker, being only just visible in the log of conductance at
fewer, more widely spaced oscillations, as expected from th800 K. There are two possible reasons for this, the first being
confinement energies of the thinner spacer. The oscillationa modified supply function. In contrast to C767 and C763,
are much stronger in this device, suggesting either an ermagneto-oscillations in current were detected in T203 at 1.5
hanced aluminum reflection coefficient or reduced scattering< near threshold, in 8-9 T parallel magnetic field, at cur-
Interfacial contamination representingeal barrier for elec- rents up to a maximum of 4QA. These are caused by the
trons impinging on the aluminum could dramatically en-depopulation of emitter Landau levels passing through the
hance the reflection coefficient, but was not thought likelyemitter Fermi energy with increasing fieitiThey require a
given the high-vacuum growth conditions. Since the growththermalized emitter accumulation layer, provided in this
conditions were identical for C763 and C767, we take this tosample by the reduced emitter doping and thicker emitter
imply that scattering in the spacer plays a major role in osspacer layer. Electrons injected from the emitter contact ther-
cillation strength, with the decreased transit time of C767malize from 3D states into the 2D accumulation layer by
leading to a reduced scattering probability. At 1.4 V the cal-acoustic-phonon emission, and escape by tunneling into the
culated C767 transit time is 36 fs, from which we infer awell. For currents above 40A, the escape rate was calcu-
scattering time scale of the same order. lated to be faster than the thermalization ratg100 pg 1,

The two arrows in Fig. 4 point to postresonant oscilla-so the accumulation layer could not be maintained, explain-
tions. Like the on-resonance oscillations, these probably reing the disappearance of the magneto-oscillations. Beyond
sult from real-space electron transfer between 2D states, bthreshold(at currents above 4pA) the form of the supply
they do not shift in voltage when a magnetic field is appliedfunction is speculative. We think that an acoustic-phonon
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bottleneck is inconsistent with the rapidly increasing currentmechanisms, leads to a temperature-dependent PVR. Ther-
and hypothesize a transformation of the emitter density ofnally activated transport through thé valley of the first
states from 2D to 3D, resulting from an inability of the emit- AlAs barrier leads to another source of temperature depen-
ter accumulation layer to screen further increases in voltagelent postresonant current, but the energy o¢halley state
With reduced screening, the bump in the conduction bands quite high?* and this mechanism does not contribute sig-
caused by electron diffusion into the low doped emitternificantly to the temperature dependence of the valley cur-
layer$? would be pulled down by bias. The accumulation rent in these samples. _

layer lying between the RTD and this bump would lose its /AS mentioned earlier, electron-electron scattering and LO
confinement, and the emitter would become 3D. In any casBhOnon scattering are likely to have time scales less than 5
it is clear that the form of the supply function does not fol- PS: @nd with well lifetimes of 5 psC763,C767 and 200 ps

low Eq. (1), making a comparison with C767 difficult. The (1203, are likely to occur in the well. In C763 and C767
resonance is much thinner in T203, with room for only onetlectron-electron scattering can be discounted as the cause of

on-resonance oscillation. Note again the appearance (j(ij?e PVR temperature dependence, since the well electron
postresonant oscillations. istribution is h.ot, 'havmg insufficient t|r'ne.for acoqstlc—
The other possible cause for weakened oscillations iffhonon thermalization. The current continuity equation
T203 is the increased barrier thickness. The calculated weff 1 7w/€ (with current densityj and well charge den5|2ty)
lifetime with 30-A barriers is 200 ps—very much longer than €1 be used with the 2D density of stalegE) =m*/m4* to
the 5-ps figure of the other devices. Note here that electron@!OW almost all in-plane well states are unoccupied, so the
must tunnel into the spacer from the well state in order ig°hase space available for electron-electron scatt(_enng is al-
observe the oscillations, since the well state is used to prop@2dy large at low temperature, and does not require thermal
the spacer statésinelastic transport mechanisms with time Smearing of the distribution to conform with the exclusion
scales less than 200 ps may violate this condition, allowingfinciple. The~kT temperature enhancement of the phase
escape into the spacer through scattering. This could involvePace is relatively weak, and cannot explain the decrease in
(for examplé phonon-assisted transfer through tevalley PVR. LO phonon scattering is a more likely explanation:
of the secondAlAs barrier. This type of transport would When allowed by energy conservation, intrasubband LO pho-
wash out the oscillations. The postresonant data supports tH9n emission was determined to be the fastest scattering
idea. Stabilization of the 1.5-K C767 characteristic gives dnechanism of all impurity-, defect-, and phonon-related pro-
peak-to-valley ratidPVR) of 8.2, over two times higher than cesses_con3|dered in the_ guantum well of Ref. 25; this in-
T203's value of 3.9. The poor T203 PVR may be taken to¢luded intersubband and interwell processes. ,
indicate a decreased coherent current component, and, in par- 10 consider the effect of the energy-conservation require-
ticular, increased inelastlzarrier transfer. Broadening of the Ment, note that the onset of NDR is determined by the bias at
well state by scatterir?@ within the well is not thought an which the well state allgns_wnh the emitter conduction-band
appropriate explanation; this should not be much greater ifd9€- Electrons tunneling into the well at the resonant peak
T203 and would not be so large as to wash out the oscillalill therefore have a spread of in-plane energy matching the
tions, since the spacer states have a separatienl@0 meV emitter energy _dlstr|but|on. The maximum in-plane energy
in this sample. of the dlstrlbutlon exceeds the GaAs LO phonon energy
A comparison of results for the three wafers highlights the(? @.o=36 meV) in C763 and C767 even at low tempera-
conditions required for maximizing oscillation visibility. tUre, whereEg is 91 meV and 82 meV, respectively. As
Short spacers increase oscillation strength through decreasBtentioned, the emitter energy distribution of T203 is com-
scattering. Thin RTD barriers drop the well lifetime and in- Plicated, but it probably also spans a range larger than
crease the likelihood of a coherent welpacer escape pro- @Lo- With @ scantly occupied or highly nondegenerate
cess. The reduction in inelastic escape increases oscillatioffe!l, the energy conservation requirement for the occurrence
strength. Heavy emitter doping gives a 3D density of state®f LO phonon emission at or beyond the current peak is
with a large Fermi energy, giving an increased resonancéatisfied. _ _
width—allowing the well state to probe more spacer states Numerical calculation of the LO phonon scattering rate
for a given spacer-state separation. These conditions are e¥@S made using formulas from Ref. 26, derived for the in-
actly those used for the design of Konishi and Smith’s high{eraction of bulk GaAs phonons withsingle electron con-
speed SCRTD’s. The absence of oscillations in their datdned in a quantum well. The limit of nondegeneracy was
suggests the interface of theik situdeposited aluminum is thus taken—a simplifying approximation that eliminates
spatially nonuniform, and does not give the specular reflecE€rmi occupancy and screening factors. To further simplify
tion required for spacer-state quantization. matterg, the in-plane electron energy was taken tbcb@b_,
Having discussed each wafer, we now pinpoint the re|the emission threshold. The scattering rate was then given by
evant scattering mechanisms. To do this we compare the
temperature dependence of possible scattering mechanisms r[ol=awLo[7-r(l+ ng)f(v)+v2ngK(1MV2)f(v27)],
with experimental data. Considering first the well region, we 2
discuss the PVR of the main resonance. More specifically,
we discuss its temperature dependence; in contrast to thehere y=y2m*fw o is the electron wave vector ant;
argument of barrier transfer, the absolute value of the PVR is= (€"“0/T—1)"1 is the Boltzmann distribution of
not important here. Using the model of filker,>® we con-  phononsK, «a, andf are factors defined in Ref. 25, given
sider the PVR to depend on scattering induced broadening dfere by’ @=0.07, K(1/2)=1.85, f(y)=0.48 andf(v2y)
the well state, which, with temperature-dependent scatter 0.29. The first term in the brackets of E§) is due to LO
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= 0.18 E the slight upward curve at high temperature in Fi(r) 6e-
So0.16f @ ] sulting from the absorptive component of Eg). One would
§ 0.14F ] expect these conclusions to hold for any RTD which satisfies
0.125 : ' s the conservation requirement for LO phonon emission;
3 16= namely, one with large in-plane energiégavy emitter dop-
(b) < . . . .
g 1= ing) and sparsely occqpled wel(thin barriers.
4 . . The arguments of Btiker can be applied to the spacer
o 3k ] states, by considering the on-resonance oscillations to result
Ez, (0 ] from resonant transmission through the spacer, with elec-
, , trons incident from a narrow probing well state. “On reso-
113 nance” then corresponds to alignment of the well state with
1.23 a spacer state, and “off resonance” corresponds to an off-
11 % alignment situation. The peak-to-valley ratio of an oscillation
h 100 200 300 then gives a measure of spacer-state broadening and hence
T (K) scattering in the spacer. The oscillation PVR is easily defined

_ ] for C767; the temperature dependence for the oscillation at
“F'G' ?' Thetﬁﬁem ?tf the :TO pfhonon 'lmetraC“,O”thO” p‘flakittﬁ' ~1.55 V is shown in Fig. &l). At 1.5 K, the peak position
valley ra los:(a) the scattering time for an elec ron in the wel With - ¢ this oscillation is approximately 80% of the way between
in-plane energy equal to the LO phonon emission thresli8& the threshold and K of th . dicti
meV), (b) the C763 main PVR(c) the T203 main PVR(d) the e TTeshold and peax ot the Main resonance, precicing a
C767 oscillation PVR, for the oscillation at1.55 V. tunneling energy~20%X E¢=0.2X82 meV~16 meV. This

is sufficiently remote from the Fermi energy to be unaffected

phonon emission, and the second due to absorption. Nottéy th_ermal activation of the supply function. the the spacer
that with in-plane electron energiesfio o, emission is a 9eNsity of states has many broad peaks, and is not appropri-
much quicker process: even at room temperature emission i€ for application of Eq(2). A bulk scattering formulﬁ
eight times faster. The scattering timg,, is plotted as a With electron energies>Ey=107 meV was found to give
function of temperature in F|g(6), decreasing at a knee results much like those of the 2D formula hOWeVer, SO we
around 80 K from a low-temperature value of 0.18 ps. This isconclude that the similarity between Figsafand @d) im-
much less than the well lifetimes, suggestingeguential ~ plies oscillation strengths determined by LO phonon scatter-
process for tunneling through the well at the emission threshing in the spacer, in the most part emission.
old energy. Higher-energy electrons would emit phonons
more rapidly, from which we conclude phase coherence
through the entire device is not a requirement for observation V. MODELING
of the oscillations. This is understood by use of the uncer- o
tainty relation, which gives a scattering broadened linewidth We have modeled the characteristics of the SCRTD’s us-
I'~#/7,0~3.7 meV; a figure much below the spacer-stateing a phase-coherent envelope function with a linear voltage
separation. So, scattering in the well does little to affect theProfile. Results for one of the devicé§763 are presented
on-alignment/off-alignment transmission contrast. It doeshere. Airy functions were used to speed computation in the
however, affect the on-resonance/off-resonance PVR, show@aAs regions, necessitating a neglect of nonparabolicity. We
for C763 and T203 in Figs.(B) and &c). have ignored charge buildup in the well, which in a rigorous
The similarity between Figs.(&), 6(b), and &c) can be treatment would require a self-consistent Poisson correction
explained using the model of Biker.2® This considers on- to the linear voltage approximation. The screening effect of
and off-resonant transmission through a double barrier in theharge thus modeled would make the well-state energy less
presence of phase randomization and scattering-inducesknsitive to bias. The correction required to account for this
broadening of the well state. For a wide incident carrier diswas calculated using the current continuity equation and
tribution, the peak-to-valley ratio of the on and off-resonantPoisson’s equation to be 0.1 V/ma for C763, extending the
current was shown to vary as1/I". With a linewidth domi-  resonance by-0.2 V. Provision for inclusion of such effects
nated by scattering-induced broadening, one would, therewas seen to be unnecessary in this discussion.
fore, expect the PVR to be proportional to the scattering Beyond flat band bias, the device transmissidg ) has
time, using the uncertainty relationll# 7/#. Applying that  a single peak at the tunneling energy of the well-state. This
expectation in comparing Figs(&#, 6(b), and &c) is by no  has a Lorentzian line shape, allowing a curve fit determina-
means rigorous, since 'Biker's model was derived for a tion of well-state energy, maximum transmission, and life-
one-dimensional conductor. Here the situation is complicatetime. These are displayed as a function of bias in Fig. 7. Note
by our wide range of in-plane electron energies, and the dehat here the lifetime is defined though the uncertainty rela-
pendence of the scattering time on those energies. In addiion by the coherently modeled Lorentzian linewidfiSince
tion, other scattering mechanisms contribute to the valleyransport through the well is by far the rate limiting step, it
current—if not its temperature dependence, and cannot bean be regarded as the well lifetime.
easily factored out. In lieu of a mathematical comparison, we The spacer standing wave interference has a negligible
suggest that théorm of the curves be compared. The simi- effect on well-state energy; this is linearly related to applied
larity implies the PVR decreases as a result of LO phonorbias in the linear potential model. The interference affects
scattering in the well. This is in the most part emission, withmaximum transmission and lifetime through modulation of
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were matched by increasing the electric-field penetration of
the spacer density of states, causing bias dependent oscillgre emitter from zero to 18 A. This increased the peak height
tions. Each dip in lifetime corresponds to a dip in maximumgt the expense of resonance widthe well state dropped
transmission as the well state aligns to a spacer state. This jgore quickly with bias, causing the device to go off reso-
equivalent to tunnel broadening of the well state—with anance soongrIn spite of this the modeled resonance width
broadened Lorentzian ||neW|dth, tﬁmegratedtransmiSSion is 0\/er|y |arge_0ne would expect it to be narrower than
increases, implying through Egl) an increase in conduc- experiment given the neglect of well charge. The neglect of
tance. Peaks in lifetime occur when the well state lies bescattering in the well leads to underestimation of valley cur-
tween spacer states. The conductance dips here, so overglht, while the neglect of scattering in the spacer leads to an
we get conductance oscillations of the same period as thgyerestimation of oscillation strength. The oscillation spac-
lifetime. The lifetime appears to be phySIcally more mean'ing, however, agrees fa|r|y well.
ingful than maximum transmiSSion, since it relates dil’ectly to Similar attempts at mode”ng the C767 |Ow-temperature
conductance through integrated transmission. The maximuigharacteristic ~ dramatically —underestimated  oscillation
transmission oscillates in a rather peculiar mandecreas- strength, in spite of the neglect of scattering in the spacer.
ing when the states align, and seeming to fold oVerl at  This may be related to the parabolic band assumption. The
low bias. The behavior demonstrates that caution is requiregluminum reflection coefficients calculated using flux match-
in describing SCRTD-like structures. Phrases such as “transng conditions depend on velocities or wave vectors gross]y
mission increases when the states align” could be wronggverestimated by the parabolic assumption. Reduced incident
unless it is understood that it is thetegratedtransmission velocities give an increased reflection coefficient, so a full
that increases, as a result of tunnel broadening. Note that th@ynparabolic model may better predict oscillation strength,
sharply oscillating structure of the low bias transmission isas would incorporation of scattering in the spacer. It would
unrelated to proximity splitting: the transmission line shapenonetheless be difficult to calculate,, for a device exhib-
remains Lorentzian here, since electrons beyond flat band affing such strong oscillations, since the lifetime and induc-
poorly confined to the spacer, possessingedative prob-  tance could change significantly within the NDR region, ac-
ab|||ty amplitude insufficient for Spllt’[lng of the well state. Cording to bias_dependent a"gnment of the well state and
The drop in maximum transmission at high bias results fromspacer states. Use of the intrinsic double barrier inductance
the increasing asymmetry of the double barrier. would most likely give an inaccurate result.

The lifetime oscillates like a damped sinusoid abaut  Before concluding we mention the possibility of probing
~5.4 ps. The damping results from a decreasing abovethe superconducting band gap of iasitu deposited collec-
barrier reflection coefficient, which can be shown using aor. This would be possible for indium depositedsitu on
plane-wave approximation to vary monotonically as an InAs spacer with an InAs/AISb RTD. The indium Fermi

9 energy pins above the conduction band of InAs, so the gap
R Vm*/mg(1+ ¢/E)—1 would be accessible for probing with the RTD state.
vm*/mg(1+ ¢/E) +1

where ¢p=eV;+E¢~12.4 eV is the potential drop into the
aluminum. At high bias the reflection is negligible, and the Thin barrier RTD’s with a collector spacer and Schottky
lifetime settles down to the intrinsic double barrier value.collector have potential for increased bandwidth, but are
This is the value that would normally be used in calculationprone to electron reflection from the semiconductor-metal
of device inductancé, for biases in the NDR region. The interface of the Schottky collector. Witm situ deposited
aluminum reflection should therefore have little effect onmetal this causes standing-wave interference in the collector
calculation off 5 in this device. spacer. The resulting quasibound states sweep past the RTD
The current calculated with EqL) is displayed in Fig. 8, well state with increasing bias, causing oscillations to appear
comparing theory and experiment at 1.5 K. The peak heighten the rising slope of the RTD-V characteristic. Postreso-

)
V. CONCLUSIONS
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nant oscillations result from a momentum nonconservingstate separation and voltage scaling. The oscillations move
probing of the spacer states by the transvetsealley state  with temperature according to the GaAs band-gap tempera-
of the second AlAs barrier. ture dependence, implying a pinning of the aluminum Fermi

The voltage dependence of oscillation strength resultenergy relative to the GaAs valence-band edge and hence
from two opposingly balanced factors: the emitter supplypinning states with valence-band wave functions.
function and metal reflection coefficient. The temperature A coherent envelope-function effective-mass model was
dependence of oscillation strength also comes from two opused to describe low-temperature SCRTD characteristics.
posingly balanced factors: the emitter supply function andlhe device lifetime was seen to oscillate as a function of bias
scattering within the spacer. A comparison of time scales andue to the bias-dependent alignment of spacer states with the
temperature-dependent behavior shows this scattering igell state. While the model was lacking in the use of para-
dominated by interaction with LO phonons, consistingbolic bands, neglect of scattering and charge, it is apparent
mostly of emission. LO phonon emission by electrons conthat the lifetime oscillation will cause an oscillation of device
fined to the RTD well causes a related temperatureinductance.. This could complicate calculation éf,,,, the
dependent degradation of the RTD peak-to-valley current ramaximum speed of operation.
tio.

The number of on-resonance oscillations depends on two
parameters: emitter doping level and spacer width. The
former determines the resonance width—wider at high tem- A. J. North thanks the Cambridge Commonwealth Trust
peratures, allowing observation of more oscillations. The latfor financial support. This work was partially funded by the
ter determines the oscillation spacing through the spacdePSRC.

ACKNOWLEDGMENTS

*Electronic address: ann1000@cam.ac.uk B3R, Tsu and L. Esaki, Appl. Phys. Le®2, 562 (1973.
LE. R. Brown, J. R. Soderstrom, C. D. Parker, L. J. Mahoney, K.14J. S. Blakemore, J. Appl. Phy§3, 520 (1982.

M. Molvar, and T. C. McGill, Appl. Phys. Let68, 2291(1991). 153, Y. Duboz, P. A. Badoz, F. A. Davitava, and E. Rosencher,
2E. R. Brown, C. D. Parker, and T. C. L. G. Sollner, Appl. Phys. Phys. Rev. B40, 10 607(1989.

Lett. 54, 935(1989. 16p_ pfeffer and W. Zawadzki, Phys. Rev.58, 12 813(1996.
E. R. Brown, T. C. L. G. Sollner, C. D. Parker, W. D. Goodhue, 17p_ . Price, Phys. Rev. B3, 1994(1988.

, and C. L. Chen, Appl. Phys. Lets5, 1777(1989. 18\, L. Leadbeater, L. Eaves, P. E. Simmonds, G. A. Toombs, F.
J. R. Soderstrom, E. R. Brown, C. D. Parker, L. J. Mahoney, J. Y. \y gheard, P. A. Claxton, G. Hill, and M. A. Pate, Solid-State
Yao, T. G. Andersson, and T. C. Mcgill, Appl. Phys. L8, Electron.31, 707 (1988.

275 (1991 M. L. Leadbeater, E. S. Alves, L. Eaves, M. Henini, O. H.

5 . . 1 -
Y.StK?m;TI’ tS Té:”leE?%s')V('-lgRge;dy' and M. J. W. Rodwell, Solid Hughes, A. Celeste, J. C. Portal, G. Hill, and M. A. Pate, Phys.
ate electronso, . Rev. B39, 3438(1989.

6 : . .
R. P. Smith, S. T. Allen, M. Reddy, S. C. Martin, J. Liu, R. E. 5 -
Muller, and M. J. Rodwell, IEEE Electron Device Lett5 295 T. J. Foster, M. L. Leadbeater, L. Eaves, M. Henini, O. H.

(1994 Hughes, C. A. Payling, F. W. Sheard, P. E. Simmonds, G. A.
M. V. Weckworth, J. P. A. van der Wagt, and J. S. Harris, J. vac.,, Toomb.s, G. Hill, and M. A. Pate, Phys. Rev.3, 6205(1989).
Sci. Technol. B12, 1303(1994. T. W. Hickmott, Phys. Rev. B2, 6531(1985.

22
8T. Figielski, T. Wosinski, S. A. Vitusevich, A. E. Belyaev, A. __B- fen Zhu and K. Huang, Phys. Rev.4B, 4575(1993.
Makosa, and W. Dobrowolski, Semicond. Sci. Techridl, 86 23M. Biittiker, in Resonant Tunneling in Semiconductadited by

(1997. L. L. Changet al. (Plenum Press, New York, 1991p. 213.
9M. Missous, E. H. Rhoderick, and K. E. Singer, J. Appl. Pig@s.  >*247 meV for the transvers¥ valley of a 20-A AlAs barrier,
3189(1986. calculated relative to the GaAs conduction band.
101 Zailer, J. E. F. Frost, V. Chabasseur-Molyneux, C. J. B. Ford,°R. Ferreira and G. Bastard, Phys. Rev4® 1074(1989.
and M. Pepper, Semicond. Sci. Techriil, 1235(1996. 26B. A. Mason and S. Das Sarma, Phys. Rev3® 3890(1987.
11C. E. Timmering, J. M. Lagemaat, C. T. Foxon, and J. J. Harris 2’ There is a misprint in the quantum-well definition (i) in the
Semicond. Sci. TechnoB, 1139(1988. previous reference: the isolatgdfactor should reada.

2p_Gavrilovic, J. M. Brown, R. W. Kaliski, N. Y. Holonyak Jr., K. 28K. Seeger, inSemiconductor Physics: An Introducticedited by
Hess, M. J. Ludowise, W. T. Dietze, and C. R. Lewis, Solid Editor(s), Springer Series in Physics Vol. 4@pringer-Verlag,
State Commun52, 237 (1984. Berlin, 1983, p. 199.



