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Si resonant interband tunnel diodes that demonstrate negative differential resistance at room
temperature, with peak-to-valley current ratios greater than 2, are presented. The structures were
grown using low-temperaturg820 °CQ molecular-beam epitaxy followed by a postgrowth anneal.

After a 650 °C, 1 min rapid thermal anneal, the average peak-to-valley current ratio was 2.05 for a
set of seven adjacent diodes. The atomic distribution profiles of the as-grown and annealed
structures were obtained by secondary ion mass spectrometry. Based on these measurements, the
band structure was modeled and current—voltage trends were predicted. These diodes are
compatible with transistor integration. @999 American Institute of Physics.

[S0003-695(99)01935-X]

There is current interest in tunnel diodes, which haveto be useful. The search, then, is for a Si-based tunnel diode
characteristics very useful to the circuit designer for applicawhich has improved electrical characteristics and which is
tions such as embedded memory and signal processing. Reempatible with transistor integration.
cent review articles® discuss potential applications of this In our initial study*!® we investigated SiGe resonant
family of devices in Si. The first tunnel diode, the Esakiinterband tunnel diodeéRITD), similar to RITD embodi-
diode? which is an intrinsically simple device consisting of a ment originally proposed by Sweeney and ¥wBy using
degenerately dopeg/n junction, has not found wide use in low-temperature(370 °Q molecular-beam epitaxyMBE),
integrated circuits because of the lack of an epitaxial formawe were able to fabricate Si{SiGe, 5 RITDs having, at
tion process. Epitaxial processes have been used for Si-basasbm temperature, a PVCR of 2.05. By replacing the
resonant tunnel diodeéRTD), which have demonstrated Si,Ge,swith Si, we were able to produce a Si tunnel diode
hole tunneling,*® where the layers are grown on a Si sub- having a PVCR of 1.41>!" The performance of the tunnel
strate such that the Si barriers are relaxed and the SiGe weliodes was found to depend strongly on théoping spacing
layer is compressively strained, and electron tunnefild,  and on the postgrowth annealing conditions. In this letter, we
where the barrier layers are relaxed SiGe and the Si wellill demonstrate Si RITDs which have PVCR values greater
layer is under tensile stress. None of the hole RTDs havéhan 2 without the added complexity of Ge.
reported negative differential resistar(®¢DR) above a tem- The Si RITDs were grown on a 75 mm @i00) B-doped
perature of 77 K, which severely restricts the range of thei0.015-0.040 cm) substrate using solid-source MBE. Prior
application. The electron RTD reported by Ismaihad a o entry into the specially designed MBE growth systém,
peak-to-valley current ratiPVCR) of 1.2 at 300 K, while  the Sj substrate was cleaned using a procedure previously
the device reported by Matutinovic-Krstéljonly had NDR  gescribed?® which resulted in a stable, hydrogen-terminated
at temperatures |eSS than 220 K. Addltlonally, the electro%urface_ Si was deposited by e-beam evaporation_ The dop_
RTDs are not compatible with complimentary metal oxideants, B and Sh, were obtained by evaporation of elemental
silicon (CMOS) or heterojunction bipolar transistdHBT)  sources in Knudsen cells. The substrate temperature during
integration since they require a thi¢k 1 um) relaxed SiGe  growth was monitored by an optical pyrometer which was
buffer layer. A recent device reported by Sard&employ-  calibrated by observing the eutectic temperatures of Au/Si
ing B 5-doped layers in Si had NDR at room temperature,(363 °q) and Al/Si (577 °Q on equivalent substrates.
with a PVCR of 1.1 and a peak current density of 4.8  The device structure employed in this study is shown in
X 10° Afem?. The exciting feature of the B-doped device is  Fig 1. The key features of the growth which differentiate
that the structure is compatible with CMOS and HBT inte- s from earlier structures arél) lower substrate tempera-
gration, although the PVCR must be increased for the devicg,re (320 °Q during growth, which was employed to mini-
mize the segregation of the dopan(t) increased doping in
dCorresponding author. Electronic mail: thompson@estd.nrl.navy.mil the p* S layer; and(3) undoped layers surrounding the
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FIG. 1. Schematic diagram of the nominal Si RITD structure.
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substrate temperature was reduced to 450 °C while an addi-
tional 10 nm layer of undoped Si was grown. Si growth was
interrupted and, concurrent with the deposition of B (3
x 10 cm?) in a 8-doped layer, the temperature of the sub-
strate was further reduced to 320°C, which was the final
temperature of the substrate during the remainder of the
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growth. A 6 nm undoped Si spacer layer was grown followed 05¢E as-grown ]
by a second growth interrupt for the deposition of an Sb L . )
5-doped layer (X 10"/ cn?). The final layers were a spacer 0702 03 02 05 06
layer of 70 nm of undoped Si followed by 30 nm of Sb- Voltage (V)

0 . . .

doped (>102 /cm3) Si for th.e top Ohmic .ContaCt' The Si FIG. 3. -V characteristics for seven adjacent devices after the specified
growth rate was 0.1 nm/s, with the exception of thdoped  anneal. All measurements are on A8vdiam diodes and were taken at
regions during which the Si flux was shuttered. Prior to desoom temperature. The results are shown on two graphs because of the
vice fabrication, portions of the samples were annealed tdncreased currents after the anneal.

determine if postgrowth anneal improved the device charac-

teristics, analogous to our previous RITD wdfk'® Rapid  went RTA for 1 min at 700 °Gdashed lines Some of the
thermal annealRTA) was employed using temperatures of width observed in the doping profiles is due to ion-beam
600, 650, or 700 °C for a period of 1 min. mixing during the SIMS measurement. The portion of the
Atomic profiles were obtained by secondary ion massdopant profiles extending into the sample are more affected
spectrometry(SIMS) using a high-performance magnetic by the SIMS measurement. It is observed that thédped
sector secondary ion mass spectrometer. The net impact eprofile was affected by the RTA. The half width at half
ergy of the primary beam, 3 keV 0O, was selected in order maximum, toward the surface, increased from 3 to 5 nm.
to minimize profile broadening by ion-beam mixing. Depth There was a corresponding reduction in the peak B concen-
scales were obtained from stylus profilometry3% uncer-  tration from 3.6< 10?° to 2.5x 10?%cn®. The differences ob-
tainty). The atomic carrier concentrations of B and Sb wereserved between the as-grown and annealed-8bped pro-
calibrated with implant standards=10% uncertainty. The  files are within the mutual uncertainties of the SIMS
electrically active portion of the RITD is the region which measurements. Based on the atomic distributions obtained by
includes then™ layer, thep™ layer, and the undoped spacer SIMS, the band diagrams for the RITD, as-grown, and after
between them. This region is presented in Fig. 2, for theRTA for 1 min at 700°C, were generated by solving the
as-grown samplésolid lineg and the sample which under- effective-mass Schdinger equation and corresponding
quantum charge for each band and iterating to convergence
with Poisson’s equation. It was observed that, after anneal,
the tunnel region becomes slightly wider due to the B diffu-
sion. The current—voltagel £V) curves were calculated
with a two-band model using the light electron mass of
Sb 0.19mg and the indirect band gap of 1.12 eV. While the
co ] direct tunneling two-band model is not the correct physics
for Si, it should predict the correct trends in the magnitude of
the current for different junction potentials. These calcula-
tions show the current being reduced after RTA, which is
- . N\ consistent with the wider tunnel region, but is inconsistent
oL v hrs s . with the experimental data, as will be shown.
0.08  0.09 5 %1 0.11 0.12 The fabrication process for the RITDs has been previ-
epth(um) ously described? Room-temperature-V curves were mea-
FIG. 2. SIMS atomic profiles of the Si RITD, as grown and after a post-sured from the top of the mesa to the backside Al contact.
growth anneal of 700 °C for 1 min. The region of the device, including the| —\/ measurements for seven adjacent devices, ha\/ing a di-

&doped layers and th_elntnnsm Si spacer, has been magnified. A linear sca&meter of 18um, for the as-grown samples and for each
was used to emphasize the effects of the anneal. The as-grown sample is

shown with solid lines. The sample annealed at 700 °C is shown with dashe@neal condition, are prese_nt_ed in Fig. 3. It is seen that the
lines. as-grown RITDs do not exhibit NDR, but haveV charac-
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teristics of backwards diodes. NDR was observed followinggrowth and anneal temperatures and the thin epitaxial thick-
a postgrowth RTA between 600 and 700 °C. In the followingness requirement make these device suitable for CMOS and
discussion we focus on four characteristics of these curve$iBT integration.
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