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Resonant-tunneling diodes with emitter prewells
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Resonant-tunneling diode®RRTDs) incorporating an emitter prewell structure are studied both
theoretically and experimentally in order to investigate the utility of the emitter region as a device
design parameter. The experiments show a tendency for peak bias, current, and the peak-to-valley
ratio to increase for wider prewells, behavior likewise seen in both very simple and detailed
calculations. Both the simple and more complete models point to interactions between states
associated with the prewell and the main quantum well as the reasons for the increase in peak
current. These results suggest design guidelines to affect peak bias, current, or the peak-to-valley
ratio of RTDs. © 1999 American Institute of Physids$S0003-695(99)01435-1

The quantum well and barriers of a resonant-tunnelingvery simple model of Fig. 1, where carriers are incident from
diode (RTD) are naturally the most important design param-the left, over the prewell. In this simple model, all bias is
eters available to the device engineer, for they are the priassumed dropped across the barriers and main quantum well
mary determinants of the resonance energies and widths, aifdo bias appearing across the prewedind each region is
thus, the peak bias and current. By varying both the materialgeated as flatband, offset in energy by its average bias. As
from which these sections are fabricated and their widths, thehown in Fig. 2, even this simple model displays intriguing
designer can achieve a wide range of device characteristiceesonance behavior, for at certain prewell widths the trans-
In terms of design, then, attention is generally lavished upomission is markedly higher and broader. This broadening is
the quantum well and barriers; in contrast, the emitter regiongasily seen to be due to prewell resonare@tual stategby
though the second-most important device structure, is genecomputing the prewell round-trip phase numiogg,= 2p/\
ally only addressed in terms of the doping profile. Although+ ¢g, wherep is the prewell width) the carrier wavelength
devices incorporating emittgand collectoy prewells have in the prewell, andpg the prewell-barrier interface reflec-
been fabricated and usédhere has been little systematic tion phase shift, computed for an infinitely thick barrier of
study of the emitter region as a parameter for affecting peakhe same material as the finite-thickness barrier of the struc-
current and the peak-to-valley rati®VR). This is perhaps ture. For the 53, 100, and 147 A prewell structures of Fig. 2,
understandable since under bias there forms an emitter notchg,~0.995, 1.995, and 2.996, respectively, giving round-trip
whose quasibound states have long been suspected as @fease shifts of almost exactly integral multiples of i all
source of much of the valley current. Recent quantitativecases. Thus, even in very simple models prewell resonances
calculations for high-current-density devices have confirmedvirtual states can significantly affect the transmission and
that these notch states, broadened by scattering, are in fage therefore should not be surprised to find that emitter
responsible for much of the valley curréridence, the emit- notch quasibound states can have an even greater impact.
ter notch is more often than not regarded as a source of The extent to which notch—well interactions affect the
parasitics instead of as a design parameter to be manipulateglrrent density—voltageJ¢V) characteristics can only be

More careful reflection reveals that the emitter notch carfluantified through detailed calculations. Here, it is necessary
do more than act as a source of excess valley current—it cal@ explicitly integrate over the in-plane wave vector, since
be designed in such a way as to increase the device peak
current density. The possibility of using the emitter notch as o
a design parameter arises directly from the physics of reso- =
nant tunneling, for the interaction between the quantum well
and emitter notch quasibound stateed even resonances, or p
virtual states can broaden the device transmission character- eV
istics, thereby increasing the peak current. That these inter-

actions are quite fundamental can be seen by examining the

FIG. 1. Band edge of simple model in which transmission is broadened
when the round-trip phase shift over the prewell is an integral multiple
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FIG. 2. Transmission vs bias curves for the simple model of Fig. 1. Here, -10 0.5 O.OVOItage [V]O'S 10 L5

e=103eV, the well width is 45 A, each barrier is 30 A, the barrier height
(under zero bigsis 1.0 eV, and the prewell is 0.74 eV deep. Effective
masses in the bulk and well, prewell, and barriers are 0.067, 0.023, and 0.
my, wheremy is the free-electron mass.

FIG. 3. Experimental -V characteristics of GaAs/AlAs RTDs with emitter
ewells measured by Lear and co-workéRefs. 5 and § labeled by
prewell width in A (that without prewell is labeled)0

transmission broadening such as that discussed above clg@ds an optical potenti#6.6 me\) is used to model broad-
lead to unphysical spikes in thie-V characteristics® when  ening of emitter prewell/notch states due to scattering. These
the Tsu—EsakKiformula is employed. Although a full inte- calculations6 model devices like those of Lear and
gration over the in—plane wave vector naturally introducesso-workers:® and series resistance is not included. We have
significant averaging of the well—notch interaction, many ef-also calculated characteristics for a device with a 35 A
fects due to the notch can generally be observed intHé prewell, not represented in the experiments. The calculated
curves. Indeed, the magnitude of the virtual-state-relate@esults[Fig. 4@] nicely match the increase in peak bias with
broadening seen above argues strongly that interactions berewell width seen in the experimental curves as well as the
tween the main quantum well and both notch quasibound antiSing peak current for larger prewell devices, although they
virtual states can manifest themselves in dhe/ character- do predict an increased peak current for the 65 A prewell
istics. device over that of the 45 A device not observed in the
This view is further strengthened by the experiments offeasurements. With the exception of the no-prewell device
Lear and co-workef€ on RTDs differing only in their emit-  (PVR of 41.2, the calculations also show the tendency evi-
ter spacer layers. Each device has collector and emitter doglent in the measurements for the PVR to increase with
ing Np=2x 108 cm 3 (except in the last 1000 A nearest the Prewell size, the values for the 25, 35, 45, and 65 A devices
emitter spacer, over which the doping was reduced td€ing 14.5,22.3, 24.9, and 31.0, respectively. In general, the
107cm3), a 70 A undoped emitter spacer, a symmetric,calculated results display the same trends with respect to
undoped AlAs/GaAs quantum-well structuis A well and ~ Prewell size as do the measurements.
20 A barriers, and a 100 A undoped GaAs collector spacer.

The emitter spacer of the control sample was composed en- () ) ’ 4' 65
tirely of GaAs while the others consisted of an @& As wl 35 /;
prewell (25, 45, or 65 A wid¢ adjacent to the emitter barrier, ,'} \
with the balance being GaAs. Room-temperatu® char- 5] L) |
acteristics for these devicgsominal diameter 5um) are § dh :
shown in Fig. 3, labeled by the width of theyhGa, As S 140
. g 20} ot
prewell (the control sample is labeled 0) ANote the marked H MY/ BN
increase in resonant bias with increasing prewell width, in g X/ ’i |
addition to the increase in resonant current for devices with 5 Y —
prewells up to 45 A wide. The increase in resonant bias with 0 z=
prewell width cannot be explained in terms of zeroth-order 0.0 02 * 04 06 08 1.0
. . . Applied Bias (V)
electrostatics, for all devices have undoped spacers of iden- o —
tical length, indicating that inelastic scattering is filling qua- 02
sibound states in the emitter prewell. Likewise, the increase E‘“"_:’\: '
in the PVR for devices with prewells up to 45 A strongly 500
_sugges?s th(_e presence c_)f prewell/notch—main quantum-well Bolp o am prewell 65 um prewell
interactions in these devices. To better understand the opera- 02} 03V bias 0.66V bias
tion of these RTDs we perform detaildd-V calculations. 195 200 205 210 215 195 200 205 210 215
Position (nm) Position (nm)

The theoretical calculations were performed wiittMO
(Refs. 2, 7, and Band include full band-structure effedtsa FIG. 4. (a) Calculated)—-V characteristics for prewell RTDs similar to those
the second-near-neighbor spin-orlsip3s* mode?) and in- of Fig. 3, labeled by prewell width in Athat without prewell is labeled)0

. . . (b) Resonance alignments for the 65 A device at 0.8vMual and main
tegratlon_over the in-plane ‘wave vector algng W't.h Hartregyyantum-well statosand 0.66 V bias(prewell and main quantum-well
self-consistency for determining the potential profile. In thestates.
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Additional results of the calculations for the 65 A device the calculated and measured characteristics display the same
[Fig. 4(b)] enable us to explain thie-V characteristics. The trends, and agree quite well given the uncertainties in growth
current peak occurs when the lowest main quantum-well andnd fabrication, indicating that prewell/notch—main
emitter prewell quasibound states are aligned, leading to aguantum-well interactions are indeed responsible for the in-
increase in peak bias with prewell width, the emitter prewellteresting and useful measurkdV characteristics.
ground state lying lower for wider prewells. The small bump  We have therefore seen that prewell-main quantum-well
at about 0.3 V bias results from the interaction of a prewellinteractions are responsible for the enhanced performance of
virtual state(i.e., an above-prewell resonan@nd the main the RTDs fabricated by Lear and co-work&fsThe calcu-
guantum-well ground state, showing that virtual states catated results are interesting from a basic physics point of
indeed manifest themselves in properly calculate® char-  view, since they show that interactions between the main
acteristics. Furthermore, this virtual-state-related feature sugyuantum-well and emitter notch states, both quasibound and
gests the reason for the increase of peak current with prewelirtual, can affect the RTDI-V characteristics. Further-
width. The weakness of the bump compared to the currennore, and most important for the device designer, both the-
maximum indicates that more strongly confined prewelloretical and experimental results demonstrate that emitter
states should result in enhanced current peaks, and sinpeewells can enhance device performance. The highest-
lower-lying states in the prewell are better confined tharperformance devices studied here have well-confined, well-
higher, virtual states, higher peak currents should occur fodifferentiated prewell quasibound states interacting strongly
longer prewells, provided that the prewell quasibound statewith the main quantum-well state, so that in designing RTDs
are sufficiently separated. device simulations should seek those prewells which en-

Although the theoretical and measured characteristichance this behavior. For our RTDs the results show that both
display the same trends, there are some discrepancies hgeak current and the PVR tend to increase with prewell size.
tween them. First, the experimental peak biases and curreffiaking into account the possibility of relaxation in the 65 A
densities are consistently higher than the calculated valuedgvice, both theory and experiment indicate that in a GaAs/
the differences in peak bias being larger than can be exAlAs RTD with a (nominally) Ing.:GaAs prewell, a
plained by series resistance alone since for all devices it wasrewell length between 45 and 65 A gives the best perfor-
only of the order of 1Q). The most likely explanation is mance. We have, therefore, shown that the emitter notch can
growth-related uncertainties. The doping gradients in the calbe much more than a source of excess valley current: it can
culations may well be different from those in the actual de-be a valuable design parameter.
vices and the actual dopings both anode and cathode
could easily differ from the specified values by a factor of 2. 1 W0 Of the author§T.B.B. and G.K) thank Joel Schul-

In addition, the actual prewells were likely deeper than speciMan for discussions.

fied, the In mole fraction being perhaps as high as 0.15.g i wathews, 3. P. Sage, T. C. L. G. Sollner, S. D. Calawa, C.-L. Chen,
leading to higher peak biases for the prewell devices. Like- | 3. Mahoney, P. A. Maki, and K. M. Molvar, Proc. IEEE, 596(1999.
wise, it is fairly common to find small differences between *R. C. Bowen, G. Klimeck, R. K. Lake, W. R. Frensley, and T. Moise, J.
the designed and as-grown widths of the barriers and well P2\ ggy;flh 3227&32256‘” and K. P. Martin, Phys. RevSB 2273
Note that here the AlAs barriers are quite thifi ML), so (1'99'5). yian, = ' T P

that if the actual barriers were even 1-2 ML thinner than “r. Tsu and L. Esaki, Appl. Phys. Le®2, 562 (1973.

specified, the peak currents would be significantly |arger_5K. L. Lear, W. S. Lee, and J. S. Harris, Jr., Proceedings of the 47th Annual
Also, the diameter of each measured device was not eXact|yDevi<:e Research Conference, June 19-21, 1989, Massachusetts Institute
determined. Finally, the 65 A prewell device exhibited some eﬁf I_ef;';‘,’f°§§'S§rf‘a’§}22f’%?éﬁﬂj,ifﬁfn*}nggggo_

signs of relaxation in the jyGa, 6As prewell, which likely  7G. Klimeck, R. Lake, R. C. Bowen, W. R. Frensley, and T. Moise, Appl.
accounts for the fact that the measured peak currents of thePhys. Lett67, 2539(1995. _

45 and 65 A prewell devices are essentially the same, 55}?}‘&;9%‘ Klimeck, R. C. Bowen, and D. Jovanovic, J. Appl. PIjs.
whereas the calculations predict a higher peak current for thep vogi, H. p. Hjalmarson, and J. D. Dow, J. Phys. Chem. SaltiS65

65 A prewell device. Despite these differences, it is clear that (1983.
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