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We have measured the resonant tunneling current–voltageI (V) characteristics of strained
p-Si/Si12xGex double-barrier microstructures ranging from 1.0 to 0.1mm in lateral extent. The bias
spacing between resonant current peaks in theI (V) reflects the energy separation of the
Si12xGex quantum well subbands, which is partially determined by the strain. As the lateral size of
the structures decreases, we observe consistent shifts in theI (V) peak spacing corresponding to
strain energy relaxation of;30% in smaller structures. An additionalI (V) fine structure is observed
in the 0.1mm device, consistent with lateral quantization due to nonuniform strain. ©1995
American Institute of Physics.

Heterostructures in lattice-mismatched epitaxial materi-
als offer interesting possibilities of tailoring the electronic
properties of semiconductor devices.1 In a bulk lattice-
mismatched heterostructure with translational invariance in
the plane, the strain is biaxial and uniform. As long as the
strained layer remains below the critical thicknesshc to
avoid dislocation formation, the effect of strain on the band
structure can be calculated explicitly.2 In microstructures like
quantum wires or dots, however, the lateral extentD of the
strained material may be comparable tohc , giving rise to
nonuniform, spatially varying strain distributions3,4 and mak-
ing the electronic properties difficult to predict.5 This issue is
particularly significant because the active regions of modern
semiconductor devices are pushing into the deep submi-
crometer range.

In our letter we have focused on the scientifically and
technologically interesting strained Si/Si12xGex
heterostructures.6 The epitaxial Si0.75Ge0.25 layers, strained
due to a lattice mismatch of21% with respect to the Si
substrate, are incorporated into the active region of a
p-Si/Si12xGex double-barrier resonant tunneling diode
~RTD!.7–10The I (V) characteristics of Si/Si12xGex RTDs re-
flect the alignment of the two-dimensional~2D! subbands in
the SiGe quantum well and the occupied hole states in the
emitter electrode, with the lowest-lying heavy-hole (HH0)
and light-hole (LH0) subbands giving rise to well-resolved
current peaks in theI (V). Since the HH0–LH0 subband en-
ergy separation contains a large strain-induced
contribution,2,11 the I (V) peak spacing is an experimentally
accessible indication of strain in the structure. In the mea-
suredI (V) characteristics of submicrometer RTDs, we ob-
serve an unambiguous reduction of HH0–LH0 energy sepa-
ration corresponding to strain relaxation. Estimating the
strain contribution to subband energy separation in the sim-

plest possible manner, we find that the original strain due to
the21% Si/Si0.75Ge0.25 lattice mismatch is relaxed in small
D50.25mm microstructures by nearly a third. Finally, in the
smallest,D'0.1mm device, we observe an additional struc-
ture in the I (V) line shape that we tentatively attribute to
strain-induced lateral quantization of the 2D subbands.

Our microstructures were fabricated ofp-Si/Si12xGex
RTD material grown atT5550–600 °C by atmospheric pres-
sure chemical vapor deposition~CVD! on a p1-Si
substrate.12,13The undoped active region consists of a narrow
235 Å Si0.75Ge25 well clad by245 Å Si barriers. The active
region is, in turn, sandwiched between undoped2100 Å
thick Si0.75Ge0.25 layers and then2100 Å Si12xGex layers in
which the Ge content is graded down to pure Si and the
doping is gradually increased to match thep1-Si substrate
and top contacting layers. Two-terminal RTDs were fabri-
cated by optical ~D>3 mm! and electron-beam~1.0
mm>D>0.1 mm! lithography, followed by Ti–Al contact
metal evaporation, liftoff, low-damage reactive ion etching
of the device mesa, SiO2 deposition atT5300 °C by plasma-
enhanced CVD, dielectric planarization and etch-back, and
finally contact pad evaporation.14 The etching of the micro-
structure mesa creates a free surface that should result in
partial strain relaxation in SiGe layers. A schematic cross-
sectional diagram together with an SEM micrograph of a
D50.3mm device prior to contact pad evaporation is shown
in Fig. 1~a!. It should be noted that because the mesa etch
undercut and angled sidewalls the effective lateral size of the
RTD is somewhat different from the contact metal pad in
Fig. 1~a!—from SEM cross sections we estimate the differ-
ence not to exceed6500 Å.

The I (V) curve of a large device atT54.2 K is shown in
Fig. 1~b!. The current peaks atVp

HH50.151 V andVp
LH

50.313 V correspond to tunneling through HH0 and LH0
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subbands with peak-to-valley ratios exceeding 2:1 and 3:1,
respectively~comparable to the best results in silicon-based
structures10,13!. The observedI (V) characteristic can be un-
derstood within the well-known sequential tunneling
model.15 In the strained Si12xGex emitter, the strain splits the
HH and LH band edges,11,13 so only HH states are occupied
at T54.2 K. When the applied bias lines up available 2D
states in the quantum well with the emitter, holes can tunnel
resonantly into the well, conserving bothE andk' . By com-
bining a calculation of the subband energies with the self-
consistent potential distribution over the device, shown in
Fig. 1~c! for a bias ofV50.3 V,16 one obtains the expected
threshold and peak bias values for theI (V) peaks~see Ref.
13 for a detailed description!. Conversely, the HH0–LH0

peak spacing can be converted to subband energy separation
DE00. In lattice-matched III–V RTD quantum wells,17,18

DE00 arises from the difference in the heavy and light-hole
effective massesm* , but in Si12xGex quantum wells of our
devices the strain also contributes to it.19

The I (V) characteristics of three RTD microstructures
with D51.0, 0.5, and 0.25mm are shown in Fig. 2. The
overall I (V) line shape is retained, with very good peak-to-
valley ratios down toD50.2mm indicating minimal surface
damage. AsD decreases the current peaks shift: theVp

LH peak
moves to lower bias, while theVp

HH peak moves toward
higher bias. Further, the relative magnitude of the current
peaks changes, with theVp

LH peak becoming relatively stron-

ger @compare with Fig. 1~b!#—indicative of shifts in the en-
ergy alignment of the 2D subbands with respect to the occu-
pied emitter states. Since theVp

LH shifts to lower bias,
parasitic series resistance is not the cause. Further, for the
device sizesD in Fig. 2, geometric lateral quantization en-
ergy scale\2/2m*D2!1 meV and hence cannot play any
role. Therefore, the changingI (V) characteristics of submi-
crometer RTDs can be unambiguously attributed to strain
relaxation in the quantum well,4 which reduces the subband
separationDE00 and hence theVp

HH andVp
LH peak separation.

The measured resonant peak spacing shiftDVp[(Vp
LH

2Vp
HH) for devices down toD50.20mm is shown in Fig. 3,

together with the correspondingDE00 values obtained from
the self-consistent calculations analogous to Fig. 1~c!. If we
assume that changes in the band-edge splittingDE translate
directly into changes in the HH0–LH0 subband energy spac-
ing DE00 and replace the nonuniform strain in the device by
an average value, we can easily estimate the average strain

FIG. 1. ~a! Schematic cross-sectional illustration of a double-barrier reso-
nant tunneling microstructure and SEM photograph~top view! of a 3000 Å
device.~b! I (V) characteristics of a large device atT54.2 K, with a335
expanded view of theVp

HH peak.~c! Schematic potential distribution over
the double-barrier structure atV50.3 V, showing the lowest-lying heavy-
hole ~HH0) and light-hole (LH0) subbands and the HH0–LH0 energy sepa-
rationDE00 .

FIG. 2. ~a! I (V) characteristics ofD51.0, 0.5, and 0.25mm devices. The
current scale corresponds to the smallest device, other curves rescaled and
shifted for clarity. The vertical lines indicate theVp

HH andVp
LH peak positions

in large devices.

FIG. 3. MeasuredI (V) peak separation~filled circles! and calculated
HH0–LH0 energy separationDE00 ~open circles! vs nominal device sizeD.
Horizontal lines represent the large device result.
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relaxation as a function of device size. The strain-induced
band-edge splittingDE for Si12xGex strained to Si is given
by11

DE5
@3j~x!1L~x!#2A9j2~x!1L2~x!22j~x!L~x!

2
,

~1!

whereL~x50.25!50.106 eV is the interpolated spin-orbit
splitting, andj~x!529 meV is the strain energy due to lattice
mismatch. In bulk Si0.75Ge0.25, DE540 meV, whereas from
Fig. 3 we find that in theD50.25 mm device, the
HH0–LH0 subband separationDE00 has decreased by210
meV. Equation~1! then gives an average relaxationDj~x!'9
meV, about 30% of the strain energy in the Si0.75Ge0.25 layer
on Si.

We stress that in addition to the naivete´ of our model, the
above estimate yields only an average value, whereas the
actual strain energy distribution should be strongly nonuni-
form. Figure 4 shows theT51.5 K I (V) characteristics of
the smallest successful device fabricated thus far~D50.1
mm!. The different overall line shape of theI (V) resonant
peaks makes comparison with the larger microstructures of
Fig. 2 difficult. TheVp

HH peak has given way to a double
steplike structure, while the strongerVp

LH peak has developed
an additional fine structure. We note once again that even for
D50.1mm, the geometric lateral quantization energy scale is
much too small to account for the observed structure. How-
ever, if the relatively sharp lateral distributions of strain en-
ergy calculated for narrow wires in Ref. 4 also holds for our
dotlike structures, the quantization due to strain-induced
;10 meV lateral potential steps20 would be consistent with
the I (V) curve shown in Fig. 4. The fabrication and measure-
ment of more devices in theD;0.1 mm regime is in
progress.

In conclusion, we have used double-barrier resonant tun-
neling spectroscopy as a novel tool for examining strain re-
laxation in semiconductor microstructures. Our results indi-
cate that strain relaxation is a large effect in submicrometer
devices, reaching;30% of the strain energy in Si0.75Ge0.25
layers when the lateral extent falls below 0.3mm. Conse-
quently, the properties of semiconductor devices with built-in
strain calculated under the assumption that the strain remains
unaffected by the fabrication of submicron structures may
require re-examination.
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