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Resonant tunneling diodes have been fabricated using gragdeds®j (x=0.3—0.0) spacer wells

and strained 3i,Ge&, g barriers on a relaxed §iGe, 3 n-type substrate which demonstrates negative
differential resistance at up to 100 K. This design is aimed at reducing the voltage at which the peak
current density is achieved. Peak current densities of 0.08Akith peak-to-valley current ratios

of 1.67 have been achieved for a low peak voltage of 40 mV at 77 K. This represents an
improvement of over an order of magnitude compared to previous work20@L American
Institute of Physics.[DOI: 10.1063/1.1381042

Resonant tunneling diodedkTDs) are now a mature duction band which does not have a significant conduction
technology in the IlI-V system with many demonstrations ofband discontinuity A E.) at the emitter or the collectdFig.
memory and logi€ circuits. The vast majority of the micro- 1). The lack of aAE, at the emitter prevents a charge layer
electronics industry, however, is based on Si and thereforforming as occurs in the strained-Si wells. This layer of
there is great interest in attempting to create RTDs usingharge, which is formed whether electrons tunnel or do not
Si/SiGe heterostructurésThe n-type system has the only tunnel through the barriers, requires larger biases to be ap-
room temperature demonstration of negative differential repjied to the system thereby increasing the peak voltage in the
sistanceNDR) in Si-based RTDs with peak current densities system. Therefore, this work demonstrates a technique for
up to 5kA/cn? (Ref. 4 and peak-to-valley current ratios reducing the peak voltage in SiGe RTDs.

(PVCR) of up to 2.9(Ref. 5 for peak voltages above 1 V. The wafers for the work were purchased from DERA,
The best performance in Si-based tunnel diodes have CoM&aivern (U.K.). They were grown in an ultrahigh vacuum

from interband diodds with peak current densities of : : o :
tible ch I d tig@VvVD i
8 kA/c? with a PVCR of 5.45Ref. 7) or 10.8 kA/lerf with  COmPatible chemical vapor depositiéBVD) system using

a PVCR of 1.42 The major problem is that these Esaki

diodes have been fabricated by molecular beam epitaxy with 0.3 T T T T T T
S5-doped layers and will be very difficult to place in circuits 02 b (a) J
and processed with metal—oxide field effect transistors or - Siy,Gey 5 SipiGey
heterostructure FETs. For memory applications, Paschs I i T
modelled a number of circuits in the IlI-V system and sug- = 0.0 |
. >

gested that for optimum performance, the RTDs should have o1l
PVCR of 3, peak current densities of 0.1 Akcand a peak )
voltage of 0.2 V to allow optimized performance and match- '0-20
ing with FETs.

Results are presented on Si/SiGe RTDs aimed at low 0.2
power memory applications. Structures were designed with
strained §j ,G&, ¢ barriers on a relaxed $iGe, 5 to produce e
an enhanced conduction band barrier above the vitual sub- < 0 |
strate energy levéf* All previous SiGe RTD designs have = ot
spacer quantum wells on either side of the tunnel barriers. e
Here these spacers have graded Ge concentrations. Model- 0.2 . . . ) ) ) -
ling using a one-dimensiondlD) self-consistent Poisson— 0 5 10 15 20 25 30 35
Schralinger solver of the band structure demonstrates a con- distance (nm)

FIG. 1. (a) 1D self-consistent Poisson—ScHiager solution of a structure
dElectronic mail: dp109@cam.ac.uk with graded spacer wells on either side of the barri@ssThe conduction
YAlso at: Department of Science and Technology, University of kg, band with a source-drain bias of 0.2 V applied. No barrier for electrons to

Campus Norrkping, S-601 74 Norrkping, Sweden. enter the emitter is observed at 29 nm below the surface.
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FIG. 2. A cross sectional TEM micrograph from the center of the wafer
showing the excellent flatness of the layers. The thicknesses are within
experimental tolerances close to the designed values.
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SiH, and GeH gases in a kicarrier. AsH was used to dope
the contact regiona-type'! at Np~3x10®¥cm™3. The het-
erolayers were grown on a-type (100 Si substrate with
approximately a 3um thick n-type strain—relaxation buffer i, 3. Thel-V plot at 77 K for a 3630 um device showing three clear
graded from Si to 3i;Gey; and a 1um thick n-Si; /G, ;  NDR peaks. The insert shows an expanded area in the low bias region with
buffer. The wafer was then removed from the growth cham-2Jp of 0.08 A/cn?, a PVCR of 1.67 at a peak voltage of 40 mV.

ber and given a modified Radio Corporation of America

cleart! to remove excess As from the surface in an attempt tdaxed Sj¢Gey, has shown that the lighttransversg
circumvent the As dopant segregation problems in CVDeffective-mass tunneling from the virtual substrate dominates
material'? This technique of regrowth has already demon-the current—voltage characteristics over the higimgitudi-
strated high mobilities at low temperatures when used imal effective-mass electrons in the emitter wETlhe present
modulation doped samples with the cleaned interface 10 nrresults suggest that grading the spacers does not change the
below the strained-Si quantum wéland SiGe RTD4.The  physics of the tunneling compared to square quantum well
wafers were replaced in the growth chamber and the followspacers. Since the effective-mass in the grofvértical) di-

ing layers grown: 10 nmi-Siy;Gey 5 buffer, 10 nm rection of a two-dimensional2D) layer is the longitudinal
i-Si;_,Ge, graded fromx=0.3 tox=0.0, 2 nmi-Si, .Ge,s  heavy mass, the wave function of the 2D electron gas will
barrier, 3 nmi-Si well, 2 nmi-Siy Gey ¢ barrier, 5 nm decay very quickly in the vertical direction. Therefore, most
i-Si;_,Ge, graded from x=0.0 to x=0.3, 50 nm of the wave function will be close to the barrier where the Ge
n-Siy /G& 3 doped alNp~3x 10¥cm 3, 10 nmn-Si,/Ge;  concentration is low or zero and the splitting of the valleys is
doped atNp~1x10cm™2 and a 4 nmn-Si cap. The largest. Hence, no electrons populate the valleys with the
higher doping of the cap layers is aimed at reducing thdransverse light effective mass and the tunneling is domi-
contact resistances which also increase the peak vdltagenated by the electrons with the light effective mass in the
Devices were processed into mesas using reactive ion etchirtual substratdthe transmission coefficient depends expo-
ing and Au (1% Sb ohmic contacts were used. Figure 2 nentially on the inverse of the square root of the effective
shows a transmission electron micrograph of the materiaimass.

No threading dislocation segments were visible in any of the  Figure 4 shows the temperature dependence of the
transmission electron micrograpi$EMs) images of the

barrier region. L7 ettt 1
The current—density versus applied voltagie V) mea- ;
sured at 77 K is shown in Fig. 3 for a 3B0um device. A 16 E ]
positive bias corresponds to the substrate of the wafer being s ]
held at 0 V and a positive bias being applied to the surface ¢ |5 3 ]
contact. A number of devices have been measured which all § [ ]
demonstrate nominally identical results. No NDR was ob- 2 ., ] ]
served at room temperature. Three clear NDR regions are 3 | ]
observed with the largest PVCR of 1.67 at a peak voltage of : [ ]
40 mV and current density of 0.08 A/émPrevious results = ]
have demonstrated peak voltages of between 1 and"2 V, é L ]

while Fig. 3 clearly demonstrates the large reduction in the
peak voltage by using graded spacer wells and higher doping °
levels in the capping layers. The effect of increasing the
graded spacer in the emitter is observed when a negative bias
is applied to the surface. Additional asymmetry will result Lol
from growth related phenomena such as dopant memory. The

NDR shifted to a peak current density of 2.2 Afcra PVCR

of 1.3 an_d a peak V(_)Itage pOS.ition 6f_0.29 V. _ FIG. 4. The PVCR as a function of temperature for the NDR at 40 mV
Previous modelling of strained3iGe, ¢ barriers on re-  shown in Fig. 3. The curve is a guide to the eye.
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PVCR of the 40 mV NDR region in a second device. Thedemonstrate that strained;3Ge, ¢ barriers grown on re-
differences between the PVCR values in Figs. 3 and 4 isaxed Sj¢Ge&y, have a higher conduction band barrier than
related to the change in layer thicknesses as a function of thitaose grown on relaxed-$iGe, ; substrates. Therefore, it
radius of the wafer due to heating nonuniformity duringmay be concluded that using graded spacers on relaxed
growth!® The high temperature decrease in PVCR is relatei, (Ge, , will allow a structure to operate at room tempera-
to the low barrier height with respect to the virtual substrateture. While the present designs do not yet match those
which is predicted to be 80 meV from thedRA Siy-Ge,s  required for circuit integration, the results suggest that an
substrate was chosen to allow the band structure to be conappropriately optimized structure could be used in a
pared with previous results on,gGe, , substrates. Compari- tunneling static random access meméiBRAM) at room
son between results of strained;$be, s grown on relaxed temperature.
Sip §G&y ;> which operate at room temperature and the ) o
present Sji-Ge,; demonstrate the higher barrier height on This work was funded by the European Commission un-
the Sj, 4Gey » virtual substrates as suggested by the@tyout der the Framework IV MEL-ARI pr(_)ject SiQUICProject
110 meV for S gGey , virtual substrate® through the tem- N_o. 22987. The au_thors would also like to thank D. J. Rob-
perature dependence of the PVCR. The conduction band di&ins: A- C. Churchill, and W. Y. Leong at DERA for growth
continuities for quantum wells from thedfsuggests values of the material along with M. Pepper for useful discussions.
which are about 50% too largeThe present data does not )
yet allow an accurate estimate of the barrier heights to comd‘l gegb\;igrﬂe;.vg&;%té,I\ITE.‘E;T(??I%?;’} 1T7 48%1?(9;;9“’ R Lake, F. Mortis.
pare to theory. The decrease in the PVCR at temperatureSang G. Frazier, Proc. IED\8, 429 (1998
below 40 K (Fig. 4) is believed to be related to the ohmic °D. J. Paul, Adv. Mater11, 191 (1999.
contacts, especially in the lower doped substrate, becominéghj-ef’zlr’]'a'; SN?aerr]t:-X Zlozé’h“";”tzh ';-'fé;e(;ggo’g”r B. Kabius, B. Hol-
more resistive at lower temperatures. High temperature ansp sl p 3 paul, B. ?—ﬁ'ﬁﬂde?{ S. Mantl, 1. V. Zozoulenko, and K.-F.
neals have not been used for the ohmic contact metallizationgerggren, IEEE Electron Device Le®2, 182 (2001
to prevent spiking of the top metal through the RTD barriers.°S. L. Rommel, T. E. Dillon, M. W. Dashiell, H. Feng, J. Kolodzey, P. R.
The present doping and ohmic metallization schemes are ad-Berger. P. E. Thompson, K. D. Hobart, R. Lake, A. C. Seabaugh, G.
. . Klimeck, and D. K. Blanks, Appl. Phys. Let?.3, 2191(1998.
equate for devices to operate at 77 K or above as required for

faad o R. Duschl, O. G. Schmidt, and K. Eberl, Appl. Phys. L&&, 879(2000.
applications but not for measurements at liquid He tempera=2s. L. Rommel, T. E. Dillon, P. E. Thompson, K. D. Hobart, R. Lake, and

tures. A. C. Seabaugh, IEEE Electron Device Le2f, 329(1999.

In conclusion. NDR has been demonstrated in the Si/gin Technology Roadmap for Nanoelectronieslited by R. Compan L.
' Molenkamp, and D. J. PaiEuropean Commission, Brussels, 1899

SiGe system at temperatures up to 100 K. Three clear NDRb); Rieger and P. Vogl, Phys. Rev. £8, 14 276(1993.

regions were observed with the largest PVR of 1.67 at a peakp. J. Paul, A. Ahmed, N. Griffin, M. Pepper, A. C. Churchill, D. J. Rob-
voltage of 40 mV and a peak current density of 0.08 Alcm ,Dins, and D. J. Wallis, Thin Solid Film821, 181 (1998,

By increasing the graded spacer in the emitter, the NDR gé'slg‘jg'(fégéch“' K. L. Saenger, and B. S. Meyerson, Appl. Phys. Lett.
shifted to a peak current density of 2.2 Algna PVCR of 135 Ahmed. D. J. Paul, M. Pepper, A. C. Churchill, W. Y. Leong, D. J.

1.3, and a peak voltage position ©f0.29 V. The results also  Robbins, D. J. Wallis, J. Newey, and A. J. Pidduck, unpublished.



