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Resonant-tunneling spectroscopy of coupled hole subbands
in strained Si/SiGe triple-barrier structures
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We examine transport of holes in asymmetric triple-bapieSi/Si, (Ge, , resonant tunneling structures with
different middle barrier width§L =10, 20, and 30 Afor T<4.2 K. The two-dimensional2D) heavy-hole
(HH) and light-hole(LH) subbands in each of the two quantum wells interact through interwell tunneling,
resulting in 2D double-well subbands. We identify resonances corresponding to tunneling transitions through
these double-well subbands using a simple wave-function formalism. The observed resonances correspond to
strong HH-HH coupling with the addition of weaker HH-LH coupling for the narrowest middle barrier width,
L=10 A. We also present measurements displaying the HH-LH interaction strength dependence on high
magnetic fields parallel to the currel®,. The weak HH-LH interaction quenches Bgapproaches 10 T.

Recent advances in strained silicon epitaxy have allowethe origin of these peaks, including a peak due to HH-LH
for the creation of high quality Si/§i,Ge coupling in the structure with the narrowest middle barrier
heterostructures? One of the principal directions in width L=10 A. We also present magnetotunneling data
Si/Si,_,Ge, heterostructure research is the studypefype  which exhibit quenching of the observed HH-LH interaction
double-barrier resonant tunneling structutB§S’s).>® The  in high magnetic fields parallel to the curreBy=10 T.
interaction of heavy-hol¢HH) and light-hole(LH) valence The triple-barrier RTS’s used for these measurements
subbands irp-type quantum wells complicates the study of were grown by atmospheric pressure chemical vapor deposi-
hole tunneling compared to the well-understood electrortion on silicon substrate’s. The active region consists of two
resonant tunneling in 11l-V double-barrier RTSS In  undoped Si/SigGe, , wells with nominal widthsw,=35 A
p-Si/Si; _,Ge, quantum-well structures, strain and quantumand W,=28 A separated by a narrow middle barrier of un-
confinement create two-dimensior@D) HH and LH sub-  doped Si of nominal width =10, 20, and 30 A for the three
bands with different in-plane dispersion relatiofg(k ). different structures and clad by 35-A outer barriers of un-
These in-plane dispersions are further complicated by suldoped Si. There are 200-A undoped Sjie, , spacer lay-
band interactions whenever the energy separation of variowers graded top™-Si contact regions on either side of the
subbands is smaltP:*! resulting in nonparabolic and aniso- active region. We have fabricated device mesas down to a
tropic E;(k,). Measurements op-Si/SiGe double-barrier lateral extent of Sum using conventional metallization and
RTS'’s have probed the heavy- and light-hole in-plane disperetching technique¥. When a biasV is applied between the
sion relations extensively:*®> A simple two-band nonpara- contact regions at low temperaturéscurrent flows by hole
bolic modet® adequately describes the lowest-lying §iH tunneling from the valence band of the straineg Sk,
subband. The analysis of the hlubband is more compli- emitter region into the coupled subbands of thgsSg,,
cated due to strong interactions with the lower-lying HH double-well structure.
subband along with nearby higher-energy subbands and con- Figure 1 shows a typical tunnelingV) characteristic for
tinuum states. a triple-barrier RTS withL=20 A, which exhibits well-

Triple-barrier RTS’s, in which two quantum wells are resolved resonant peaks\a&=215 and 500 mV. The higher-
separated by a narrow middle tunneling bartfeare of in-  bias peak is considerably stronger, and all three RTS's we
terest inp-type RTS’s because current transport proceeds vibhave measured have a similar strong high-bias resonance at
tunneling through coupled 2D HH-HH and HH-LH sub- V~500 mV. The self-consistent potential proffief the ac-
bands. In this paper we present measurements of transpdive region of theL =20-A structure a¥=500 mV, shown in
and magnetotransport ip-Si/Si §G&, ,» triple-barrier RTS’s  the inset of Fig. 1, demonstrates that at such high values of
with various middle barrier widthd, where we observe applied bias the top of the collector barrier falls below the
resonant peaks due to tunneling through coupled hole suli=ermi level in the emitter. Therefore, we attribute this reso-
bands. Using a simple wave-function formalism, we identifynance to tunneling from the emitter to the §.Hubband in
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FIG. 1. Tunnelingl (V) characteristics alT =1.5 K of triple-
barrier RTS’s with a middle-barrier width=20 A. The inset gives
the self-consistent potential distribution f&=500-mV applied
bias, indicating HH and LH, energy subbands in each well calcu-
lated in the absence of interwell coupling.

LH, I40meV
HHy

the first well, and then directly to the collector. Transport
thus reduces to the extensively examined double-barrier
case>° Since we are interested in coupled subband tunnel-
ing, we will restrict the rest of our analysis to the lower-bias ] ] ) ]
range,V<400 mV. FIG. .3. Schematlc \{alen(.:e-band dlagrams of triple-barrier
The lower-biad (V) characteristics of the three structures SR;—;’ Z ir\gvg;tr;oatkruzldedigebr?r:;enrtg;llytrt:a}saréda:ets)?:a\r/(xs\?/s—clo?r;e-
2;?%?;%: gn:n'tzlgp' eikzhgipisst?aggag,lr{;? dV\LL;iZZSLO r‘rﬁ'l\V, mV, (b) V=265 mV, and(c) V:_345 mV. The dash-dotted Iine rep-
whereas the devices with=20 and 30 A each have a single €3¢ the double-well tunneling subbands. The &ubband in the
peak atV=215 and 190 mV, respectively. Hence the mostflrst well, which I|es_~35 meV a_bove the Hilsubband in the same
significant change in the spectroscopy pattern is observe\ge”’ has been omitted for clarity.
when the middle barrier width is changed from 10 to 20 A.
We model thel (V) characteristics by applying the se-
quential tunneling modél,where we treat the 2D double-

well subbands similarly to the ordinary quantized 2D sub-
bands in double-barrier RTS’s. At low, only HH emitter
states are occupied due to a strain-induced HH-LH splitting
of about 40 meV in the emitter regidhHeavy holes tunnel
from the emitter into a double-well subband, conserving en-
ergy E and transverse momentukn ,° and then into a suit-
able state in the collector region. The supply functdfV)

is defined as the number of holes satisfying theand k
tunneling selection rules, which depends on the alignment of
the double-well subbands and the occupied emitter states.
The tunneling current is then given by

[ N(V)To(V), (1)

whereT(V) is the transmission coefficient through the first
barrier. Because of charge accumulation near the emitter bar-
rier of the RTS under biashown in Fig. 3, the peak current

is expected to occur when the energy of the 2D subband falls
somewhat below the bulk valence-band edgg in the

CURRENT (arb. units)

emitter’®
0.0 0.1 0.2 0.3 0.4 The double-well wave functions can be expanded as lin-
BIAS (V) ear combinations of the quantized eigenfunctions of two in-

dividual quantum wells and continuum states. In a first-order
FIG. 2. Tunnelingl (V) characteristics aT=1.5 K of triple-  @pproximation, it is sufficient to include into this linear com-
barrier RTS’s in the low-bias range far=10, 20, and 30 A. The bination only a few single-well eigenfunctions whose ener-
I(V) curves of the different structures have been rescaled an@i€s are nearest to the energy of the double-well wave func-
shifted for clarity. Solid arrows delineate the observed peak position of interest:® Figure 3 illustrates the band alignments for
tions of the HHY-HH resonances, and the open arrow delineateseach of the three bias values at which resonance is observed
the HHY-LH® resonance. in the L=10-A RTS (see Fig. 2 In our calculation of the
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double-well subbands, we have used HH and LH single-weltunneling into the higher-energy double-well subband cre-
subband energies calculated for=0, incorporating strain ated by HI—&D-HHE)Z) coupling, and correspond to the second
effects and interpolated band-edge ma$8da. the lower-  peak of theL =10-A RTS.

bias rangeY <400 mV, the double-well wave functiori¥;) According to our model, the increase of the middle barrier
relevant to hole tunneling can safely be approximated as width will affect the observed higher-energy ILO}HHHBZ)
linear combination of the HH ground state of the first well, resonant tunneling peak common to all three RTS’s by means

|HH(1)>, and the HH and LH ground states in the second wellof the following two major contributions. First, as in-
|HH§2)) and|LH?), respectively: creases from 10 to 20 A, the HHLHE interaction be-
comes very small, and further increasihgto 30 A has a
W)= ai|HHGY) + Bi[HHE?) + 7| LHEY), (20 negligible effect on the spectroscopy pattern. Hence the en-

ergy of the upper HE-HH{? subband should increase las

the middle barrier widti.. This is because the LH ground increases from 1010 ZQ A, and we expect th_e corresponding

state of the first weIIlLHgl)>, lies ~35 meV higher than the pea(lf)to Stlz')ft to Iarger bias. Second, the con5|de_rably stronger

energy of thdHHgD) state, and is not near enough in enerngHO '1H0H0 Zgougl(ljn% g_r?]dl;]ally decreas;afs asfmcr:]r;_asesh

to have any significant interaction with the other subbands o;rom to 20 to with the opposite effect of shifting the
corresponding resonance peak toward lower-bias values. Our

the second well. Applying conventional techniqd@se cal- . ; : .
culate the double-well subband energies by evaluating thgbservatlorll)s dlszglay a clear dOW”W?“d Sh'f.t of the higher-
énergy HHY-HH resonant peak for increasing middle bar-

overlap integrals of the single-well wave functions of Eq. " ; . . ; .
veriap integ Ingle-well wave funct 9 tier width L, implying that the HHP-HH? coupling contri-

(2. . : 2 . .
g - bution to triple-barrier resonant tunneling spectroscopy is
The prediction of positions of the resonant peaks(ivi) much stronger than Hgli-Lng) coupling.

ires knowl f th ly f i . A . .
gstter\];egruel;e(s)f an 3\3 iﬂ?fzge :E_i Siggge zgfé?meo?ll\)/; r':he Our calculations based on parabol(lzt): dispersion relations
J_ . .
intersection of the occupied state distribution in the emitterpred'Ct tkhaththel dhlg#?tr-ten?rgy I'g]';‘_tHHO rtehsona_r(ljt d'ltungel-_
and the available states in the double-well subbands given g9 P€ax should shiit to fower bias as the middie barrier
idth increases from 10 to 20 A, and should be observed at

E;(k,).> Generally, the functional form oE;(k,) requires : . a ;
numerical calculation, but we obtain approximate results by’;\pproxmately the same bias In=20- and 30-A devices.

assuming simple parabolic dispersions. Our knowledge oﬁgweve&, ohqfrtmtezalsuremsnts,l_preslente'éjh n Fig. Zh sho(\;v that
the HH, subbands in SiGe quantum wéflis adequate to 'S P€aK SNils 1o lower bias iinearly with increasingan

make reliable calculations of the H#HH coupling. On the shift in the bias position froh =10 to 20 A is larger
the other hand, the L subbands are much more than our prediction. Looking at the bias positions and line

complicated®!Land we have chosen to treat the J{H.H 2 shapes of the resonant peaksvat500 mv due to doubyle—
interaction strength, which depends strongly on the, M barrier resonant .tunnellng observed in aII' three RTS's, we
fective mass away frork, =0, as a fitting parameter. conclude tf{at thIZS unexpectedly large shift of the h|g_her-
Using the results shown in Fig. 3 for the=10-A struc-  €NEry H'_!’.)'HH‘(J.) double-well subband to a lower bias
ture and analogous calculations 1or20- and 30-A RTS's, with increasing m|dQIe bamer width is not due to experimen-
we can identify the resonant peaks in tif¥) data of Fig. 2. tal artlfact§ like series resistance or Ieakage current. We be-
We attribute the first two resonant peaks of the10-A RTS lieve that in order to fully understand this phenomenon, we
at V=175 and 265 mV(marked with solid arrows in the
lowest curve of Fig. Rto tunneling into double-well sub-
bands due primarily to H-HH coupling. The third peak
of the same structure &=345 mV (marked with an open
arrow in the lowest curve of Fig.)Zorresponds to a double-
well subband created by HHLH coupling (see Fig. 3.
The weakness of th&=345-mV resonant peak indicates
that the HHY-LH? coupling is weak compared to the
HH{Y-HHE coupling. As the middle barrier widt. in-
creases, the H§li-LH{? interaction becomes even weaker,
and an analogous peak becomes too weak to observe in the
L =20- and 30-A RTS's. The energy of the double-well sub-
band involved in the first resonant tunneling peak of the
L=10-A RTS is closest to the l—@ energy level; hence the
corresponding double-well wave function is concentrated in
the second well adjacent to the collector barrier. lAsn- . .
creases, the concentration of this wave function in the first 0.0 0.1 02 0.3 0.4 0.5
well becomes very small, and the transmission coefficient BIAS (V)
decreases sharply as the middle barrier width is increased
from 10 to 20 A. Therefore, the first resonant tunneling peak FiG. 4. Conductancedl/dV characteristics of the. =10-A
of theL=10-A RTS is also not observable in the=20- and triple-barrier RTS's aB,=0, 5, 10, 15, 18, and 20 T. The dashed
30-A RTS. We conclude that the first peaks of the20- and  curve indicated (V,B,=0) for comparison, with the open arrow
30-A RTS's atV=265 and 190 mV, respectivelimarked indicating the HHP-LHQ resonance. The curves have been shifted
with solid arrows in the upper curves of Fig), &re due to for clarity.

whereg; , B;, andy; are functions of the applied bias and

dI/dV (arb. units)

N

CURRENT (arb. units)
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need to incorporate nonparabolic in-plane dispersions inteoupling, Landau index nonconserving tunneffh@r some
our model. Work on a more sophisticated model is currentlyother mechanism.
in progress. In conclusion, we have experimentally observigy)
Another spectroscopic tool that has proven useful in theeaks corresponding to tunneling through coupled 2D
study of quantum-well subbands is the magnetic field. InHH-HH and HH-LH subbands in strainep-Si/Si,_,Ge,
double-barriep-Si/Si,_,Ge, RTS's, parallel field magneto- asymmetric triple-barrier RTS’s with various middle barrier
tunnelingl (V,B,) measurements have been used to study th#idths. By application of a simple wave-function formalism
intriguing Landau-level spectf* In order to observe the describing these double-well subbands, we are able to iden-
Landau structure of coupled subbands, we have completed!ify these peaks, including a peak due to tunneling through a
set of preliminary|(V,B,) measurements on our triple- Suoband arising from weak HH-LH interwell coupling. Fur-
barrier RTS's. Figure 4 shows the conductani¢&dV char- ther, we have presented intriguing preliminary magnetotun-

acteristics of tha =10-A structure for fields up t&,=20 T neling results demonstrating quenching of the HH-LH reso-

measured at 4.2 K. We observe a marked decrease in ttﬂ%&ieu%e%kBaEgéhﬁ possible emergence of satellite peaks for
1= :

relative intensity of the HH-LH resonance ¥t=345 mV
(indicated by the open arrow in Fig) 4sB, increases, until We are pleased to acknowledge the assistance of J. P.
resonance is no longer observed =10 T. As the mag- Cheng and the Francis Bitter National Magnet Lab staff. This
netic field increases further, an additional peak emerges atraterial is based upon work partially supported by the Na-
similar bias. It remains for further study, includingV,B,) tional Science Foundation under the Materials Research
measurements at higher magnetic fields, to determin&roup (Grant No. DMR-912174)7and the ONR Young In-
whether this peak is due to the reemergence of the HH-LH/estigator PrograniGrant No. NO0014-95-1-0729
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