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Inhomogeneous strain relaxation in triple-barrier p-Si/SiGe nanostructures
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Resonant tunneling measurements are used to probe size-induced strain relaya®diSiGe triple-barrier
nanostructures with a narroi-10 A) middle barrier, where the confined subbands depend strongly on the
strain and bias-dependent coupling between the two neighboring quantum wells. In structures wikh 2.0
=0.25um diameter, shifts in the strain-dependent subband energies are clearly observable in the tunneling
current. Further, in the smallest structurd3<(0.17um), tunneling through discrete states confined by
inhomogeneous-strain-induced lateral potentials dominate$(ile Magnetotunneling measurements on a
D=0.17um structure reveal a-75-A effective length of the strain-induced lateral confinement potential.
Based on our previous measurements of double-barrier nanostructures and the finite element calculations of the
strain distribution in these triple-barrier structures, we conclude that(¥epeak shifts in larger devices are
due to uniform strain relaxation, whereas in smaller devices the fine structure ii\Mhés due to coupled
inhomogeneous-strain-induced discrete quantum-dot or ring states in neighboring wells.
[S0163-18299)14347-9

Quantum structures, like quantum wells, wires, and dotstructures. Previously, strain has been utilized to fabricate
in which carriers are confined to fewer than three dimen-quantum wires or dots by stressor patterfing, epitaxial
sions, are essential to the study of single or interacting camvergrowth’® Recently, it has been discovered that relax-
riers in quantum environments. Heterojunction band disconation of the strained layers at the free surface of etched nano-
tinuities, like at the GaAs/AlGa;_,As junctions, are structures has a significant influence on their electronic
commonly used to create two-dimension@D) electron  properties '3 Lateral displacement of the free surface re-
gases which are often used for fabricating lower-dimensiondbxes the strained layers and leads to an inhomogeneous
quantum structures with other confinement techniques, likstrain distribution throughout the structure. The effects of
etching or electrostatic gating. The successful epitaxy obize-induced strain relaxation on the electronic properties of
strained heterostructures, like Si/SiGe, with uniform biaxialp-Si/Si ,:G&, 75 double-barrier resonant tunnelif®T) di-
strain and minimal defects in the lattice structure has led to @des with~1% lattice mismatch are observable in devices
number of experimental and theoretical studies on strain andith lateral dimensions as large as 0.4B; the inhomoge-
its influence on the electronic properties of neity in the strain distribution becomes dominant when the
semiconductor$=® Strain-induced confinement potentials lateral size falls below 0.zm.}* Nonuniform strain induces
provide a relatively new tool for fabricating reduced dimen-a lateral confinement potential in nanostructures, and enables
sionality structures. experimental realization of quantum states such as quantum

The properties of homogeneous biaxial strain arising fromwires, dots, or ring staté§-**
lattice mismatch and its effects on the electronic properties We have measured the influence of size-induced strain
of semiconductor thin films are well understoot In a  relaxation on the electronic properties of strained Si/SiGe
pseudomorphically grown heterostructure of lattice-triple-barrier RT structures with strong interwell coupling.
mismatched materials, the lattice in the strained layers iThe effects of strain relaxation in double-barrier Si/SiGe
under biaxial compression. Biaxial compression can be linnanostructures have been reported eatitér->4In triple-
early decomposed into a hydrostatic compression and barrier RT structures with a narrow middle barrier10 A),
uniaxial expansion. In semiconductors with zinc-blende symthe 2D subband energies of the active region depend strongly
metry, the hydrostatic compression changes the band gap bah the coupling between the two quantum wétighe inter-
shifts the valence bands uniformly, leaving unchanged thevell coupling is sensitive to the strain which affects the cou-
heavy-hole(HH) and light-hole(LH) band-edge degeneracy. pling strength and the energy levels of the 2D subbands in
The uniaxial expansion introduces an interaction between thihe individual quantum wells. In triple-barrier submicron
bands, lifting the HH-LH band-edge degeneracy and increasstructures with a thin middle barrier, as the strained well
ing the anisotropy and nonparabolicity of the hole disperdayers expand outwards at the perimeter, the middle barrier is
sions. A precise control over strain distribution in semicon-under tensile strain. The thicker outer barriers of double- and
ductor devices can be used to fabricate interesting quantuiniple-barrier submicron structures are strained in a similar
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fashion; however, the corresponding effect is much smaller ®) ©
Hence our RT measurements of Si/SiGe triple-barrier submi T Sneray
cron structures probe the size-induced tensile strain in the ¢ 35A 284
middle barrier together with the strain relaxation in the SiGe
well and emitter layers. IhT=1.7 K1 (V) data of RT devices
with effective diameters in the range of Z0=0.17um,

we have observed shifts in the RT peaks due to uniforr E
strain relaxation. In smaller structure®£0.17um) the ad- BRI \

——LH LH ™

ditional fine structure in the RT current due to the LH—
inhomogeneous-strain-induced lateral confinement domi L E Lt HHE=E
nates thel (V) characteristics. The effects of lateral quanti- TTH e S
zation are observable even in larger structures with i — i \ =|HH
=0.29um. To analyze our data we have calculated the ef- B
fects of uniform strain relaxation on the position of R(V)
peaks. We have employed additional magnetotunneling mee| .,
surements to estimate the effective length of the =<
inhomogeneous-strain-induced confinement potential. 10A Izs mev
Deep-submicron triple-barrier RT structures were fabri- :|:25 meV
cated from straineg- Si/Si, (G&, , asymmetric triple-barrier Izs meV
RT material. The details of the structural design were pub-
lished previously> The undoped active regions consist of
two S ¢G&, wells of widths W;~35A and W,~28 A
separated by a narrow Si middle barrier of width-10 A FIG. 1. The self-consistent potential profiles of a fully strained
and confined by~45-A outer Si barriers. The active region p-Si/Sk ¢G& triple-barrier structure &¢=0 (a), 275(b), and 500
is sandwiched in turn by dopeg-Si/Si, G&,, emitter and  (c) mV. The vertical axes correspond to the hole energy. The dif-
collector reservoirs. The processing involved the etching of &erent energy scalefindicated by 25-meV vertical markersre
mesa of nominal diameter, followed by planarization angused for a clearer presentation of the energy levels. The solid lines
contact pad depositio‘hAccording to the scanning electron in the individual quantum wells are the energy levels of the 2D
microscope observations, the effective diame®ref the subbands of a corresponding double-barrier potential. The dashed
structures are within 500 A of the nominal lateral sizes ofnes mark the energy levels of the coupled 2D subbands in the
their etch-mask pads due to the etch undercut. Surface deplgiple-barrier potential (&6 Luttinger-Kohn Hamiltonian calcula-
tion due to surface states, including states induced by plas
etching defects, requires careful consideration in deep sub-
micron structures. While our previous measurements omlf the HH and LH subbands of the neighboring quantum
double-barrier structures exhibited good scaling of currentvells. Figure 1 shows the results of self-consistent calcula-
with device area, and hence ruled out a large damaged regidions of the potential profiles of a large, fully strained triple-
depleted of carrier;a very small(<100 A) surface deple- barrier structure a¥=0, 275, and 500 mV together with the
tion region cannot be excluded. Such surface depletioenergy levels of the 2D subbands in the individual wells
would affect the interpretation of the fine structure in thecorresponding to a double-barrier potential and of the
(V) data on the smalles)(<0.15um) devices, where the coupled 2D subbands of the triple-barrier structure. Since the
strain-induced lateral potentials near the surface become instrength of the inter-well coupling depends on the applied
portant. However, the consistent evolution of ti{¥) from bias’® the in-plane dispersions of the subbands in the active
larger devices, where surface depletion is irrelevant, to theegion of triple-barrier RT structures are more sensitive to
smallest ones®'?~* together with our magnetotunneling the applied bias than the double-barrier devices. The charac-
measurements described below, argue against significant sueristicl (V) atT=1.7 K of a largeD =2.0um device, where
face depletion. Therefore, in our analysis we will assumehe effects of strain relaxation are negligible, is shown in Fig.
carrier depletion at the etchd@dnd oxide passivateédsur- 2. The resonant peak ¥t~500 mV corresponds to a tunnel-
faces to be negligible. ing from the emitter to the LH subband in the first wigtig.
Tunneling current transport through triple-barrier struc-1(c)], and then directly to the collector, with a transport
tures can be analyzed analogously to the well-known doublemechanism reduced to the previously studied double-barrier
barrier case. When a bias is applied to the top contact, a case'> Hence, we restrict our analysis to the lower bias
tunneling current flows through the quantized 2D hole subfange:V=<400 mV, where the interwell coupling plays a sig-
bands in the active region, subject to the usual enérgnd  nificant role. However, we have used the maximum current
in-plane momentunk, conservation rule¥ Self-consistent density in the LH peak of the 2.0m device in Fig. 2 to
potential distribution calculations have been successfullynore accurately calibrate the effective diameters of the
employed to convert the voltages at which peaks are obsmaller devices because of its high peak-to-valley ratio and
served to alignments of confined subband energy levels withelative insensitivity to the inhomogeneous-strain-induced
respect to the occupied emitter staté& providing an ex-  confinement potentidf It is important to reiterate that the
perimental probe of the subband energies. effective diameters are within 500 A of the nominal sizes of
In large devices with uniform strain, the 2D subbandsthe etch masks.
confined in the active region can be treated as coupled states The three low-bias peaks of d=2.0um device shown

V=0mV V=275 mV V=500 mV
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FIG. 2. 1(V) characteristics of a large =2.0 um triple-barrier FIG. 3. Resonant tunneling current characteristics o&=D0

device atT=1.7 K, showing the peaks corresponding to resonant=0.17,m triple-barrier devices af=1.7K. The peaks corre-
tunneling through the 2D subbands confined in the active regiorponding to resonances through 2D subband levels are clear in the
together withdI/dV data of the lower bias(V) peaks correspond-  ¢|/dV data. The middle resonant peak shifts towards lower bias
ing to tunneling through strongly coupled 2D subbands. The firsyith decreasing mesa diameter, while the lowest bias peak stays
two peaks at-175 and~275 mV marked by solid arrows corre- youghly at the same bias. The highest bias peak shifts initially to
spond to tunneling through HH-HH coupled subbands, and thgower bias; however, the fine structure which develops Eor
weak peak at-325 mV marked by an open arrow to a HH-LH <0 29,m renders the position of this peak unobtainable Bor
coupling. The high bias peak &t~500 mV corresponds to tunnel- < 25,m. The solid arrows point to resonances through 2D
ing through the uncoupled LH subband of the first well only. HH-HH subbands, and the open arrow to HH-LH resonance. The
. . fine structure is due to inhomogeneous-strain-induced lateral quan-
in Figs. 2 and 3 are at175, ~275, .and~325 mV. The first  {i7ation of the 2D subbands confined in the active region and domi-
two strong peakgmarked with solid arrowscorrespond 0 pates the resonant tunneling data of the smallest devices. The graph
tunneling through HH-HH coupled subbands, and the wealf, the inset plots the peak position of the quasiperiodic fine struc-
peak(marked with open arromto a HH-LH coupling!® Be-  ture against the peak number of the=0.17um device. The solid
cause of the asymmetry of the triple-barrier RT structure, inine is a linear fit through the data points showing the uniform
reverse bias the HH subbands of the two quantum wells wilperiodicity.

not line up for a strong HH-HH couplin(see Fig. L Simi-

larly, in reverse bias the HH-LH coupling becomes weak bythe outer walls resulting in a nonuniform strain distribution
the time the corresponding subband levels align with theespecially strong at the perimeter, as displayed in the inset of
Fermi sea in the emitter. Hence théVv) peaks in reverse Fig. 4. Figure 4 presents the radial component of the strain,
bias correspond to tunneling through very weakly coupledk,,, on the midplanes of the two wells and the middle bar-
subbands in individual wells, and will not be discussed inriers of D =0.30, 0.25, 0.20, and 0.1&m Si/Sp Ge, » triple-

this paper. barrier structures as a function of in-plane radiyscalcu-

In Fig. 3, we present thell/dV data of D=2.0, 0.29, lated by finite-element simulations based on a linear elastic
0.25, and 0.17um devices where a shift in the main peak model® that was used previously to calculate the strain in
positions(marked with arrowsand a consistent development submicron double-barrier structurEsin these calculations,
of a quasi-periodic fine structure in the RT data for strain is normalized to the magnitude of full biaxial strain. A
<0.29um is observable. The quasiperiod+sl2 mV, cor-  negative value corresponds to biaxial compression of the lat-
responding to~3 meV of peak separation, for all sizes. Thetice, and a positive one to biaxial expansion: in a
fine structure is reproducible upon temperature cycling.  Si/Si ¢G&, , structure fully strained to the Si substrate the

We attribute the size-induced variations in {%) char-  strain in the §jGe, , layers ise,, = —1, and in the Si layers
acteristics to the changes in the 2D subband energies of thieis €, =0.
active region due to strain relaxation. These 2D subband en- Figure 4 shows that the radial component of the strain in
ergies depend on the individual subband energies in ththe SpGey, layers decreases gradually with from the
neighboring quantum wells and the coupling among the subeenter of the pillar (, =0), with a strong inhomogeneous
bands through the middle barrier—all sensitively affected byregion of increasing strain near the surface € D/2). A
the strain in the 3isGey, wells and the Si middle barrier ringlike region withe,,~0.4 and a radial extent 6£100 A
layers. The free surface of a mesa etched from a strainedins around the perimeter of the structure for @Il The
heterostructure allows the relaxation of the strained layers ostrain in the two SiGe wells is very similar except at the



16 600 AKYU Z, JOHNSON, ZASLAVSKY, FREUND, AND SYPHERS PRB 60

iof r‘mddle rior ] strain values at the centers of the wells for e&xkFig. 4).
’ Previously, when we used the same method to calculate the
08 ] subband energies in double-barrier structures with different
i ] diameters, the results were in good agreement with energy
0.6 differences extracted directly from the RT data.
04l 1 In double-barrier structures, the shift in the lowest HH
% and LH 2D subband levels relative to the Fermi level in the
z 027 | emitter with applied bias is approximately equal to the
e | fulystrained 1 change in the electrostatic potential in the center of the well
= 00 structure
o D =015 o020, 025 o30um T independent of the details of the wave functions as long as
= 0.0 ¢ well layers | the bias is not too large. In triple-barrier structures, the con-
I oot ] fined 2D subband energies are more sensitive to the applied
i [-10mev bias because a change in bias shifts the subband levels in the
0471 ] neighboring wells relative to each other, affecting the cou-
o6 | | pling among them; therefore, energy differences between the
) SiGe 2D subbands of triple-barrier structures cannot be extracted
0.8 [ i Barrers <2 = wells | reliably from the data using self-consistent calculations.
fully strained SiGe Emitter Hence we have chosen to predict the resonant peak positions
1.0 ™ strucure . and Collctor . | with the following simple approximation. In the sequential
) 500 1000 1500 tunneling modef® the tunneling current is given by
RADIUS (&) «N(V)Te(V), where the supply functioN(V) is defined as

) ) _ ] the number of holes satisfying tfieandk, tunneling selec-
FIG. 4. Calculated relative radial extensional strain componention rules. andrl (V) is the transmission coefficient through
. . . ) e
€rr 85 af”nCt'(.m of rad.'usl for D=0.30, 0.25, 0.20, and 0.08m o first barrier N(V) depends on the geometry of the dis-
S!/Sb-BGeb-z triple-barier structures on the mldplane of the persion, andl';(V) on the form of the wave-functions of the
Sip eG&y2 Wells (lower plot9 and Si middle barriedupper ploty " T v ST e i the tunneling. Because of

layers. The Inset shows the magnified displacement of the finite |ati th itter barri fthe RT st
element mesh corresponding to a section of the active region ne&t 2rg€ accumuiation near the emitter barrier ot the struc-

the sidewall. The solid lines in the lower plots give the strain in theture under biagshown in the insets of Fig.)1the peak
first well (W;=35A), and the dotted lines in the second well current is expected to occur when the energy of the 2D sub-

(W,=28A). The relative strair,, = —1 is normalized by system Dand falls below the Fermi levél, and is somewhat above
mismatch strain such that, in large, fully strained devices, in thdh€ bulk valence-band edge in the emittem triple-barrier .
strained SjgGe,, layers it ise,,=—1 and in the(unstrainegl Si  structures, the coupled subbands are strongly nonparabolic,

layers it ise,, =0. The negative strain values correspond to biaxialand the form of the wave functions is different for each sub-
compression and positive values to biaxial expansion of the inband. Therefore, we chose to use {®) of the largeD
plane lattice component. The expansion in Si middle barrier layers=2.0um device as a reference to estimate the resonant peak
of the relaxed nanostructures induced by the relaxingg®%,  positions of smaller devices.
wells is clearly observable in the upper plots. Before we present our results, we feel it is important to
describe the effects of strain relaxation on the confined sub-
perimeter where the strain is strongly nonuniform. In thisbands and the RT(V) characteristics of the triple-barrier
region the relaxation is larger in the thicker well layer. In thestructures. When in a strained SiGe layer the strain relaxes
thin (~10 A) middle Si barrier sandwiched between the two uniformly, HH-LH band-edge splitting reduces, and the band
well layers, the strain is positive because of the biaxial exgap increasés—effectively increasing the energy of the
pansion of the barrier layer induced by the relaxation of theholes in the valence band. It is well knowexperimentally
wells. The strain profile of the middle barrier follows the and theoretically that in strained Si/SiGe heterojunctions,
strain profile of the well layers very closely, except for thewhere SiGe layers are strained compressively to unstrained
small deviation in the outer nonuniform region. The strainplanar Si substrates, the conduction-band alignment is negli-
profiles indicate that the strain at the perimeter dependgible and the valence-band offset is almost equal to the band
strongly on local relaxation, whereas the strain in the centegap. In SiGe/Si, where Si layers are under tensile strain, the
region reflects collective relaxation of the whole heterostruchand alignment is such that the band offset in the conduction
ture. Here we would also like to emphasize that the strain iband is larger than that of the valence barthe band align-
the middle barrier affects the interwell coupling. ments in Si/SiGe heterostructures where both sides of the
We calculate the resonant subband energies of the triplenterface are under some strain have not been studied as thor-
barrier structures by the usual X6 Luttinger-Kohn oughly. In our calculations, we have assumed that in the
Hamiltonian?>?! The effects of the bias-dependent interwell ranges of strain we are interested in, the band-gap offset is
coupling are included by using self-consistent calculations ofnostly in the valence band. This assumption only affects the
the potential distribution over the device, and assuming coneffective barrier heights, which do not have a strong influ-
stant potential throughout each layer. Uniform strain relax-ence on the subband energies; further, our previous calcula-
ation is incorporated into the calculations by varying thetions based on this assumption give excellent agreement with
strain energy term in the Luttinger-Kohn Hamiltonah?®?!  data of double-barrier structures.
To see the effects of uniform strain relaxation on the sub- The change in band gap due to strain relaxation is larger
band energies as a function of device diameter, we used thiban the changes in the HH-LH splitting. Effectively, strain
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FIG. 5. Estimated resonant peak positions of the uniformly re-
laxed triple-barrier structures f@ =0.30, 0.25, 0.20, and 0.14m FIG. 6. Resonant tunnelingV) of D=0.29, 0.17, and 0.08m
triple-barrier resonant tunneling structuréspen points and the  triple-barrier structures. The fine structure in %) is due to the
measured main peak positions as a function of device diameter fajuantization of the 2D subbands by the inhomogeneous-strain-
D=2.0, 0.29, 0.25, and 0.1Zm (solid point3. The corresponding induced lateral confinement potential. The increase in the onset of
relative straine,, values are shown on the upp@onlineaj x axis  the current a® is decreased is partially due to an increase in the
marked with arrows. The horizontal lines mark the measured pealjround-state energy of laterally confined states and also due to dif-
positions of the large structureD&2.0um) with full biaxial ferent amounts of relaxation in the emitter region and the active
strain. The dashed lines through the calculated points are quadratiegion of the structure where the subbands are confined.

fits to serve as guides to the eye.
structure. In the region where the fine structure washes out

corresponds to lower potential for both heavy and lightthe main tunneling peaks, the calculations based on uniform
holes, allowing one to read the strain profiles of the SiGestrain assumption are not valid. Instead, the calculations
well layers in Fig. 4 as(nonuniform lateral confinement should include the inhomogeneous-strain-induced lateral
potential profiles. On the other hand, the strain in the Siconfinement potentials to estimate the corresponding quanti-
barriers induced by the relaxation of the SiGe layers shouldation energies.
also be considered. The strain in the middle barrier affects Figure 6 presents the development of fine structure in the
the coupling between the surrounding wells through theRT (V) atT=1.7K of D=0.29, 0.17, and 0.0@m devices
change in barrier height as well as the change in the interader V<400 mV. InD=<0.17um structures the fine structure
tion between the different hole bands. The heights of thén the tunneling current dominates the entire low-bias range.
barriers are determined by interpolating the strain-dependee attribute the fine structure in thé€V) to inhomogeneous
valence-band offsets at the heterojunction. strain induced lateral quantization of the 2D subbands in the
In submicron structures the strain relaxation in the emitteiactive region of the triple-barrier structuggmilar to double-
region is smaller than the strain relaxation in the active rebarrier devices'3. The onset of the current increases by
gion of the structure surrounded by the two outer barriers~60 mV asD is decreased from+0.29 to~0.17 um, and by
because of the constraining effect of the thick outer Si re~120 mV whenD=0.08um. This increase is partially due
gions. According to the affects of strain explained aboveto an increase in the ground-state energy of laterally confined
larger strain in the emitter regions translates to higher enerstates, and also due to different amounts of relaxation in the
gies for the confined subbands, as measured from the Ferremitter region and the active region of the structure where
level of the emitter region, shifting the RI{V) peaks to the subbands are confined. A series resistance is ruled out as
higher bias. a source of the shift of the current onset to higher bias, be-
We have estimated effects of uniform strain relaxation oncause the corresponding higher-bias LH peaks with much
thel (V) peak positions. In the calculations, we have used thdigher peak currentéFig. 2 do not show any effects of a
strain at the center of each wéltom Fig. 4 and an average series resistance. A more careful analysis of the fine structure
of the strain values in the center of the emitter along then the 1(V) of D=<0.2um structures and the
tunneling direction. Figure 5 summarizes our resgifsen  inhomogeneous-strain-induced lateral confinement potentials
pointy, and compares them to our datolid pointg. The  will be published later. Here we find it sufficient to present
dashed lines in the figure going through the calculatgen  the magnetotunnelingl (V,B,) at T=1.7K of the D
points are guides to the eye. The calculations are in very=0.17um device near the tunneling threshold in Fig. 7. As
good agreement with data for the device sizes andth¢ B, is parallel to the tunneling direction, th#-induced con-
peaks where the peak integrity is not destroyed by the findnement is superimposed on the lateral inhomogeneous-
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‘ region in the strain profile at the perimeter~+4.00 A for all
[ D=0.17pm D. Further, the lateral length scale of the ground state of a
3T hole with effective massn* ~0.25m, in the corresponding
2r inhomogeneous-strain-induced harmonic potential of Dhe
10 =17 t =0.15um structure is~100 A.
or In conclusion, we have used resonant tunneling measure-
sl ments to probe the effects of strain relaxation in individual
ol p-Si/Si G 5 triple-barrier nanostructures with various di-
f 1f 5- 87 { ameters in the 28D <0.17um range. In the tunneling cur-
Z o ! rent we observed shifts in the resonant peaks due to changes
c | in the strain-dependent energy levels of the coupled 2D reso-
33l nant subbands. The observed fine structure in (kg due to
o b resonances through coupled inhomogeneous-strain-induced
11 B =57 i discrete hole states became stronger with decreasing lateral
0 - dimension and started to dominate {&) line shape aD
r 1 =0.17um. We have employed Luttinger-Kohn-type calcu-
37 <10 ] lations incorporating strain distributions determined by
2 i ] finite-element techniques and potential profiles by self-
17 B=o0T ] consistent calculations to correlate the changes i@ to
o . ; . ‘

strain relaxation. Our measurements prove tunneling to be a
useful spectroscopic probe for strain phenomena in indi-
vidual nanostructures, and point out the surprisingly large

FIG. 7. Resonant tunneling data in external paraill() mag-  influence size-induced strain relaxation exerts on the elec-
netic fields of theD=0.17um triple-barrier resonant tunneling tronic properties of nanostructures. Finally, we suggest that
structure. The quenching of the fine structure in the onset of thénhomogeneous strain distribution due to size-induced strain
tunneling current aB,~11 T suggests an effective lateral potential relaxation may be utilized to fabricate quantum structures.
length of ~75 A in the active region.

50 75 100 125 150 175 200 225
BIAS (mV)

A.Z. and C.D.A. were supported by the NSPMR-
strain-induced potential. The fine structure in the onset of th@702725, the ONR Young Investigator Progra(N00014-
tunneling current is quenched neBy=11T. This implies 95-1-0729, and the Sloan Foundation; while H.T.J. and
that the strain-induced lateral potential length scale confinind..B.F. acknowledge support by ONRN00014-95-1-023P
the holes is comparable to the75 A magnetic length at 11 and the MRSEC Program of the NSBMR-9632524. The
T, which is in reasonable agreement with the calculatedabrication facilities at Brown University are supported in
strain profiles of Fig. 4. The lateral extent of the ringlike part by MRSEC(DMR-9632524.
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