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Abstract—We present the characteristics of uniformly doped I. INTRODUCTION
silicon Esaki tunnel diodes grown by low temperature molecular . . . o
beam epitaxy Cyrowen = 23500) u)éing in sitS boron and phos- O ADDRESS issues of future device scaling and its limi-
phorus doping. The effects ofex situthermal annealing are pre- tations, researchers are focusing attention on new quantum

sented for temperatures between 640 and 808C. A maximum  devices, suitable for integration into silicon CMOS technology,
peak to valley current ratio (PVCR) of 1.47 was obtained at the \uith increased functionality, packing density and speed [1]-[5].

optimum annealing temperature of 680°C for 1 min. Peak and . . . . . . h
valley (excess) currents decreased more than two orders of mag_The negative differential resistance (NDR), bi-stability and high

nitude as annealing temperatures and times were increased with SWitching speeds associated with the quantum mechanical tun-
rates empirically determined to have thermal activation energies neling of electrons in devices including the Esaki tunnel diode,
of 2.2 and 2.4 eV respectively. The decrease in current density is the resonant tunneling diode (RTD), and the resonant interband
attributed to widening of the tunneling barrier due to the diffusion tunneling diode (RITD) may be exploitable for future logic,

?;Sg%spionis?)?nxabso;%rﬁi Q/ g’dezknguigetﬂgdtﬁgzgtorfegx‘écir_ memory and oscillator circuits in computing and wireless com-

rent density for a Si-based Esaki diode (grown by either epitaxy or Munications applications. _ _
by alloying). The temperature dependence of the current voltage =~ Commercially available Si and Ge Esaki tunnel diodes are

characteristics of a Si Esaki diode in the range from 4.2 to 325 K formed by alloying, a method incompatible with CMOS pro-
indicated that both the peak current and the excess current are cessing [5]. Few reports on a CMOS-compatible tunnel diode

dominated by quantum mechanical tunneling rather than by re- et : ; ;
combination. The temperature dependence of the peak and valley exist in the literature, such as Si and SiGe RITDs grown by

currents is due to the band gap dependence of the tunneling prob- molecular beam epitaxy (MBE)_[G]’ [7_]- as well gé’{b—nf
ability. diodes grown by MBE [8] and {r-i-n* diodes combined with
Index Terms—Dopant diffusion, molecular beam epitaxy, nega- delta doping planes [9]. These diodes were grown at relatively

tive differential resistance, rapid thermal annealing, silicon, tunnel 10W temperatures ranging from 325 to 370. Two important
diodes. figures of merits of tunnel diodes are the peak to valley current
ratio (PVCR) and the peak current density. The highest PVCR
for any epitaxially grown CMOS compatible tunnel diode is 4.2
(a Si/Sp.;Gey 5 heterostructure Esaki with delta doping planes),
while for an all Si diode itis 2.7 [9]. The addition of Ge to the in-
trinsic spacer was shown to increase the peak tunneling current
as a result of lowering the tunneling barrier. The highest previ-
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(Lyrowtr <300 °C) technique which results in crystalline
Si layers with 100% electrical activation of Sb and B up to |
6 x 10%° cm™2 and1 x 10%' cm3, respectively, for layers
grown below a critical thicknesé,.,;(T) [12], [13]. o
There are disadvantages, however, associated with low tem- 5 102 1
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perature growth. Jorket al. observed a significant increase in
bulk recombination currents due to mid-gap states for Si diodes
grown at 325 C compared to diodes grown at 500 [8]. Sev-
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eral authors have reported high concentrations of point defects 10°=P| | =

. . : : . —B Aoy - AR
[14] or microvoids [15], which were detected using positron an- ‘
nihilation spectroscopy. For example, Gossratal.[14] found 0 500 1000 1500
a density of vacancy-like defects sf10'® cm—2 for epitaxial Depth (Angstroms)

Si films grown at 220°C, while similar layers grown at 478C ' _ N
had a defect density of approximately three orders of magnitugg * S\ profile of B and P dopants for the high current density'Sip

. aki diode prior teex situannealing. The inset displays the calculated band
less. However, these authors found that rapid thermal aanﬁi@ram whereE - is the quasi-Fermi levelE is the conduction bandedge
(RTA) above 500 C for 2 min reduced the defect density of thendE+- is the valence bandedge.
layers grown at 220C to below3 x 10*> cm™3, which is the

sensitivity of the positron measurement. . The samples were annealex situin an Hy/N (15%/85%)

In this paper, we present the properties of uniformly dopegnpient using a Heatpulse rapid thermal annealing (RTA) fur-
Sip*-i-n* Esaki type diodes grown by LTMBE at 27&. We  pace. Mesa diodes 3&m in diameter were formed using stan-
demonstrated a peak current density of 47 kAféma Si-only  gard photolithography and aluminum metallization, followed by
tunnel diode, which exceeds any previously reported Si basgfiction isolation by etching in a GFO. plasma. Room temper-
NDR device fabricated by epitaxy or alloying. We attribute oUgtyre electrical characteristics were measured using a HP4156B
high current densities to the low growth temperature with higdsmiconductor parameter analyzer.
dopantincorporation. The PVCR of the diodes grown using this samples for low temperature measurements were fabricated
technique were slightly lower than reported in [8], [9], possiblysing a40 x 40 ;m? square mesa with Ti’/Au metallization.

a result of defects associated with the extremely high dopiggnd pads were formed on top of a polyimide-insulating layer
concentrations in our diodes. We quantitatively discuss the igng were subsequently wire bonded into a package compatible
fluence of post-growth annealing on the current-voltag®)( ith the cryostat. The cryogenic chamber was a Janis Research
characteristics in the temperature range from 640 €00The  |nc. model number 14-CNDT Cryostat, and the temperature
tunneling currents at constant biases were shown to decreggg controlled using a GaAs temperature sensor (1.4—330K)

upon annealing with a rate characterized by thermal activatigRq 5 feedback controlled resistive heating element.
energies between 2.2-2.4 ¢W measurements taken between

4.2-325K revealed that the current is dominated by quantum

mechanical tunneling for all applied voltage biases studied in _
this investigation. A. Current-Voltage versus Annealing

Fig. 1 displays the SIMS dopant profile for the Esaki diode
prior to ex situannealings. The SIMS profile reveals some de-
II. EXPERIMENTAL viation from the step type dopant profile expected from the
growth conditions. It is possible, however, that this concentra-
Uniformly doped Si Esaki diodes were grown by LTMBE intion spreading is an artifact of the SIMS measurement, since
an EPI-620 MBE system. Si was evaporated from an electr8itMS is known to suffer from knock-on and other effects which
gun at a rate of 0.5 nm/minute. P-type (boron) and n-typienitits depth resolution. Considering this uncertainty, it is diffi-
(phosphorus) dopants were evaporated from an elementatut to exactly quantify the affects of dopant segregation, which
source and a gettered compound GaP source [16], respectivelgty have occurred during growth. The inset of Fig. 1 displays
A 10-nm intrinsic Si spaceri( = nominally undoped) was the simulated band diagram near the junction under 0.1 V bias.
grown between the h and p" regions. The substrate tem-The band diagram was calculated by self-consistently solving
perature during growth was 275, previously calibrated by the effective-mass Schrédinger equation and Poisson equation
observing the Au and Al eutetic reactions on a silicon substrafer the charge profile taken from Fig. 1 (it was assumed that the
A 15 nm pt-type Si buffer V., = 1 x 10*® cm~2) layer was dopants were completely activated), but does not consider ef-
grown on an 0.012-cm p-type (001) substrate, followed by thefects such as band-tailing or states within the bandgap. As can
active regions: a 15 nntip"-type Si layer, followed by a 10-nm be seen from the positions of the quasi-Fermi levels relative to
i-layer, and finally the 30 nm T -type Si layer. Secondary their respective band-edges, the doped layers are highly degen-
ion mass spectrometry (SIMS) revealed peak P concentrati@nate with a tunneling barrier width of approximately 4-5 nm.
of 6 — 8 x 10%° cm—2 and B concentrations of x 10%° Fig. 2 displays the room temperature current density versus
cm—2 in the active regions of the diode. The i-layer thicknesapplied voltage characteristics (J-V) of the Si Esaki diode dis-
was calculated from the Si growth rate and does not take irtossed above, after selecedsituRTA anneals. The left-hand
account the possibility of bulk or surface dopant segregationgraph shows the J-V characteristics of the diode after 60 s

I1l. RESULTS AND DISCUSSIONS
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isochronal RTA anneals. The right hand side shows the J-V - ; -
characteristics after isothermal annealing at 7Z5 Negative 640 C ~ -
differential resistance is observed for the lower three annealing ~10k 10 110K
temperatures (Fig. 2, left) and for the shortest two anneal times E
(Fig. 2, right). Due to the high current density, unannealed <
samples burned out before any NDR was observed, even under 2 1k 11k
pulsed measurements. Table | lists the peak and valley current &
densities and their PVCR. Because of the high current the A
series resistance in the measurement setup (approximately 6 gmo 180s 1100
Q for unpackaged diodes) shifts the peak and valley currents 3 %0 oo I
to higher voltages. Analysis in the remainder of this section 10+ | Anneals amneats | 110
corrects the J-V data by removing this IR drop. — —

The diode currents in Fig. 2 are several orders of magnitude 0.0 0.3 0.6 0900020406

Applied Voltage (V)

higher than expected from normal diode diffusion current.
Jorke observed_la:_ge .deylatlon's from ideal d.IOde current %.2. Current density versus the applied voltage for a LTMBE Situnnel diode
MBE grown pt-i-nt Si diodes in the same bias range, fOfer 60 s anneals at various temperatures (left hand plot). The right hand plot
i-layer thicknesses of 40 nm and less [8]. They observedplays the same diode structure after annealing at T7tr various times.
negative differential resistance for i-layers of 10 nm and 5 nm.

These observations are consistent with earlier studies of alloyed]. The parameters andm* (tunneling effective mass) are

junction Si Esaki diodes [17]-{19], where the current transpagbnstants and) represents the density of states overlap integral

below the onset of NDR was shown to be due to phongii a given bias/ is bias dependent).

assisted tunneling transitions from conduction to valence band=or the abrupt junction approximation, the zero bias depletion

states (the band to band tunnel current). The current at, af@th (W,) is inversely proportional to the square root of the

beyond, the valley voltage, referred to as the excess curresitective carrier concentration®, defined by

was shown to be due to tunneling through defect levels in the

forbidden energy gap up to a voltage where the thermal (i.e., 1 <1 1) W2
~ "o

diffusion or recombination) current begins to dominate. Both n*

the band-to-band tunnel current and the excess current are

proportional to an effective density of states and the probabilif{1erén andp are the electron and hole concentrations on either
ide of the junction. Because ~1/2 is proportional to the de-

for a tunneling transition to occur. The effective density of'9¢ ) o _ i ;
ion width, it is referred to as the junction width parameter.

states for band-to-band tunneling can be expressed as P

overlap integral between the density of states in the valence antf Pand to band tunnel current and the peak current depend

. 1/ T
conduction band multiplied by the occupational probabilitie%Xpone,m'aIIy om*~1/2 [18]. This is a consequence of the ex-
at a given energy [20]. Studies of the effects of high energﬁp”ent'al dependen(_:e qf the tunnellng_ probapmty on the width
electron bombardment on the excess current on Si and Ge ESHEN'® tunneling barrier, i.e., the depletion region.

diodes revealed that the excess current increased proportionallj/€ determined the effective values of versus annealing
perature for our high current density on* Si tunnel

to the electron dose [19]. The bombarding electron ener : ) el
introduced defect energy levels within the material bandgaJodes by extrapolating the straight-line fitlaf /25 ,.v) versus
£~1/2in [18, Fig. 2] to ourJs; v values (corrected for series

Thus, the magnitude of the excess current was proportiofal

to the density of defect states within the gap. The tunneliﬁSSiStance)' The bias of 25 mV is chosen to be consistent with

probability for both the band to band at constant bias and exc&$9an’s data [18], and because at this bias the current transport

tunneling currents are exponentially dependent on effectifzexPected to be solely.due to tunneling between conduction
mass, the barrier height and width, and field strength [20], [22f valence band states; the contribution from the excess or
Expressions for the band to band tunneling curréiytand the efect current becomes significant only at higher biases. From

excess tunneling currenty) are, respectively, as follows: the results in Table I we note that the effective valuendf
decreases as a function of anneal temperature.

J =Const X D % exp{—/im*l/%*—mEG} 1) Fig. 3 depicts the natural logarithm of the current density (cor-
J, = Const x Dy x exp{—(azn —1/2 61/2) rected for series resistance) at 25 mV (closed_tnangles) and 350
mV (open triangles) versuy kg T onneq: fOr 1-min post growth
(Eg — eV +0.6(Va + V1)1 (2)  anneals, wheréy is Boltzmann's constant. The inset of Fig.
3 shows the decrease in current density at 25 mV and 350 mV
versus isothermal (77&) annealing time. An empirical expres-
sion for the tunneling current at constant bias is

4z
nop

®3)

The density of defect states is given By, «,, is a material
constant, e is the elementary chargg,is the effective carrier
concentrationf is the band gag/,, andV), are the quasifermi
levels in the co'nduc.tlon and valence band; in v.olts,Xamsith'e J = J, exp(—Ttanneat) 4)
externally applied bias voltage across the junction. Equation (1)
is a simplified expression for the band to band tunneling cufith a thermally activated rate
rent using the abrupt junction approximation and assuming the
junction potential is approximately equal to the bandgap voltage r=r, exp(—Ea/kpTonncal) (5)
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where.J, andr, are constants, ang,.,.cq; aNd7, . are the TABLE |

; : ; ANNEALING DEPENDENCE OFSI ESAKI
ann.e?'“ng times a.nd tgmperatures_, respectively. - DIODE ELECTRICAL PROPERTIES FOR ONBMINUTE ANNEALS. THE VALUES
Fitting the data in Fig. 3 to equations (4) and (5) (solid lin€s) were AvERAGED FORFIVE DIODES AND THE STANDARD DEVIATION IS

gives values for the activation ener@ly — 2.24 +£0.42 eV for  GIVEN. THE VALUES OF THEREDUCED CARRIER CONCENTRATION, n* WERE

the current at 350 mV. anEA = 2.39+0.36 eV for the current EXTRAPOLATED FROM THEDATA GIVEN IN [18]. * THE DIODE ANNEALED AT
. ’ . . 800°C DID NOT EXHIBIT NEGATIVE DIFFERENTIAL RESISTANCE

at 25 mV. As discussed previously, the current at 25 mV bias

is assumed to be dominated by band—to-band_ tunneling. We ———— — o VeR r—

sume also that at 350 mV the excess current is due to tunnel Temgecrature (cAem?) (Alom?) o (<101° cm)

through defect levels as in [19]. The latter assumption is furth =0

; - , ; 468+31 358 £10 1.3£0.06 49

validated in the following section where the current at a col
; . 680 434%19 292+13 1.47 £0.05 4.8

stant bias of 325 mV was shown by its temperature depende!
i . : 700 26.1+£0.7 184+13 1.425 £0.06 4.4

to be a tunneling current. From the extracted activation energ
. L. . . 720 19.0£1.9 141%1.2 1.34£0.04 4.0

and their uncertainties, itis apparent that both tunneling curre!
. . 750 93+02 7.9+0.09 1.17£0.01 37

(band to band and defect related tunneling current) have ne:¢ Tos
; ; : +

the same dependence on thermal annealing. This explains \ 3605 32£006 L1Z00I 35
800 0.05 - - 22

the PVCR only varies by a factor of 1.5, while the absolute ma
nitudes of peak and valley currents vary by more than two or-
ders of magnitude over the range of annealing temperatures. We
note from (1) and (2) that the one common variable for both the
band-to-band current and the excess current is the exponential
dependence on the tunnel barrier width [xigin equations (1)

and (2)]. As discussed in more detail below, we conclude that for
the annealing conditions used in this study, the change in mag-

—_
—_
)

10+

Natural Log Current Density
<

nitudes of the peak and valley currents are due to broadening of 6- il
the tunnel barrier which occurs for anneals above 820 5 N |
Duschl et al. has recently reported on the dependence of 4 0 gmelfg) |
the peak and valley current on one minute anneals in the 0 T 5 o
temperature range from 550 to 790 for heterostructure/delta R,

doped Si/Sj ;Gey s pt-i-nT tunnel diodes [9]. These authors
observed tvyo .trenQS in the post annealy characterliucs, Fig. 3. Natural logarithm of current density versus the inverse of the annealing
where we distinguish between the low temperatut6§0°C)  temperatureT.....) at constant biases and for 60 s anneals, wherés the

and high temperature>80 °C) behavior. As the annealing Boltzmann factor. The open triangles represent the current at 350 mV, while the

; filled triangles represents the current at 25 mV after series resistance corrections.
temperature was increased from 550 to 680the peak current The data was fit to equations (4) and (5), giving an activation energy of 2.24 eV

of the Si/Sp ;Gey 5 tunnel diode remained essentially constant;o 42 ev and2.39 £ 0.36 eV. The inset to Fig. 2 shows the decrease in current
while the valley current decreased. In this temperature regi@a,a function of isothermal annealing time.

the PVCR increased from approximately 1 to the maximum

value of 4.2 for a 680 C anneal. These authors attributed thigdicating that the width of the tunnel barrier was essentially
behavior to the annealing of electrical active point defectspaffected during irradiation/bombardment.

which were formed during low temperature growth. A reduc- For annealing temperatures of 68C and above (the high
tion in the number of these defects will decrease the densitytefmperature region), Duscét al.found that the peak and valley
defect statesiPx in (2)]. Justification of their conclusion may currents decreased at the same rates and more rapidly than for
be found in [14] where the density of vacancy-like defects in #ie low temperature anneals [9]. They attributed the decrease to
epitaxial layers grown by LTMBE was reduced by three ordeesbroadening of the depletion zone due to smearing of both the
of magnitude after annealing above 50Q [14]. However, B andP delta doping spikes, which was confirmed by SIMS.

no activation energy was reported for either study. PreviousThe high current density Si Esaki diodes that we investigated
authors have correlated the annealing dependence of exdesthis article were annealed under conditions similar to the
currents in alloyed junction Si Esaki diodes with a decreaségh temperature anneal region in [9]. From the nearly equiv-
in point defects. Logaret al. [23] examined the effect of alent thermal dependencies of the band-to-band and the excess
electron induced damage to the lattice on the excess currentrents, we concluded that the dominant mechanism occurring
and the effects of post-bombardment annealing. Annealingdatringex situannealing was the broadening of the tunnel barrier
temperatures from 300—40@ reduced the excess current tavidth, which is consistent with Duschl’s conclusions for thiir

its pre-bombardment magnitude at a rate characterized byaat B doped tunnel diodes. For our uniformly dopet-pn*
activation energy of 1.3 eV. The increase/decrease in exc&&saki diodes, we expect that the broadening of the tunneling
current was attributed to the creation/annihilation of defebarrier is due to dopant diffusion from the heavily doped p
states within the bandgap [i.e., an increase/decreasBsof and n" layers into the intrinsic spacer layer. Using the abrupt
in equation (2)]. During these electron irradiation/annealirjgnction approximation, we calculated the relative changes in
experiments, the peak current remained nearly constathie tunnel barrier width in terms of the extrapolated n* values
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listed in Table I. We then approximated a characteristic redis- "
tribution length of P and B into the intrinsic spacer using the
diffusion data forP and.B given in [24] and the solution of the
diffusion equation for a pair of semi-infinite solids [25]. For all
annealing conditions, the change in the tunnel barrier width de-
termined from the extrapolated« values were in reasonably 001+ Increasing T |
good agreement with those values calculated for the character-
istic redistribution length of th& and B dopants. Based on the 0 02 04 06
decrease in the 25 mV tunneling current from the value at 640 Applied Voltage (V)
°C to that after 1 min annealing at 68C (800°C), the values

of nx in Table | correlated to an increase of 2 A (25 A) in barFig. 4. Variable temperature:V curves of at0 x 40 um? Si Esaki tunnel
rier width respectively. Calculations for the relative redistribdj{igde after a 60 s anneal at 776. Measurement temperatures ranged from
. .2t0 325°K. The variation of peak voltage versus peak current yields a series
tion lengths for bott? and B summed together are ~2 A (20 A),esistance of 8.

for one minute anneals at 68C (800°C).

The origin of the activation energy empirically determined,,, a5 sh and As, may permit higher temperature stability of

from Fig. 3,Jrrnay now+be correlated with the diffusion of dopanig,e neak current and possibly greater PVCR since their diffusion
from the n"* and p* active regions into the intrinsic spacet.qefficients are lower than faB and P in Si [22]. A low bulk

layer. From the preceding paragraph, the dependence of the glg;,siyity will allow anneals at higher temperatures and times
pletion width on the annealing conditions may be given by g4 that defect annealing is maximized (excess current reduced),

Current (A)

yet the tunnel barrier will remain unchanged (peak current re-
W =W, (1 + @\/Ft> 6)  mains constant). Silicon RITD structures synthesized using Sb
and B delta doping planes indicate that Sb does not diffuse for
where one minute anneals at 70C, while the B significantly redis-
Wi initial - depletion width before an- triputes itself [27].
nealing;
anneal time; B. Current—Voltage Characteristics from 4.2 to 326

thermally activated diffusion coeffi-
cient for dopant redistribution;
= (D,constant and\ effective activation
. exp(—A/kgT) energy for dopant diffusion);

The previous section suggested that both the peak and the ex-
cess currents were due to quantum mechanical tunneling. These
assumptions were consistent with previous studies of alloyed
A1/2 characteristic re-distribution length: junction Si Es_aki di_o_des. Since MBEisa nonequil_ibr_ium growth

' process, the impurities and other defects may exist in concentra-

constant of order unity. d;{ons significantly higher than by equilibrium growth methods

Since tunneling current is exponentially dependent on the wi lﬂd consequently can lead to high excess current. To verify the

of the tunneling barrier, we derive an expression for thetemp‘?ﬂhneling nature of the low bias (band to band) and high bias

ature dependence of the tunneling barrier from equation (6)(%§<cess) currents, we measured their dependence on diode op-
follows: erating temperature. THeV characteristics after annealing in
forming gas 775 C (60 s) were measured as described in the
experimental section. Fig. 4 shows the current voltage curves

h . c ing (7 2 and (5) o d . of the Si Esaki diode at measurement temperatures from 4.2 to
wherey is a constant. Comparing (7) to (4) and (5) to elerming,s k. As the temperature increased, a variation of less than one

the empirical activation energies for the rate of decay of the WUBder of magnitude in current was observed. A series resistance
neling current, we see that our empirical agtivgtion ENergy C¥f g 0 in this measurement setup accounts for the increase in
responds to avalue @ ~ 4.4 4.6 eV. For highimpurity con- 5y \oitage as the peak current is increased. A weak temper-
centre_mons, the diffusivity of a dop_ant n Si is most ?‘CCUfa“? ture dependence of the current is typical for tunneling, which
described by a sum O.f th_e various Ir_npu_rlty-vacancy Interaction ¢ thermally activated in contrast to the normal diode dif-
components, each with its own activation energy and CoNC§{jgjon or recombination current. Fig. 5 plots the PVCR versus
tration depenqent pre-fac_tors. [26]. For. most group Il and Measurement temperature (left axis) and the ratios of the peak,
elements in Si, these actwguon energies are b‘?twee” 3'5, Hffely and constant bias (325 mV) currents to their respective
4.5 eV. We note that the activation energy given in [26], whic .2 K current magnitudes. It is evident that the peak and valley

'i clgire t(.) ourf%mplrlca(ljly dbelte_rm!neg value-6.5 eV, is for currents exhibit almost exactly the same temperature depen-
the diffusion of” via a doubly ionized acceptor type vacancyjeq up to about room temperature. The excess current at con-

with A :4'37 ev. . , stant bias (325 mV-corrected for series resistance) likewise ex-
The optimal anneal temperature for high PVCR in our StUdP{ibits a weak temperature dependence

as well as that in reference [9], is 68C. Thls'tenjperature . .The ratio of the peak tunneling current to its value at 4.2 K
should correspond to that where defect annealing is most rapig,, va derived from (1) in the previous section

however; it is still low enough to prevent dopant redistribution
from increasing the barrier width; thus the peak current remains Livnne(T)
essentially constant. The use of dopants with lower diffusivities, Lunnet(4.2°K)

o o

S|

](T) = Joo €XpP {—’Y Dote_(A/QkBT)} (7)

= exp[—Am*/*n Y2 AEq]. (8)



1712 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 9, SEPTEMBER 2000

— T rule out recombination currents inside the depletion region or at

1.35 the surface as contributors to the excess currents because these
112 {1.30 currents exhibit strong thermal dependencies.
L1 {125 To observe the fine structure _of ﬂheV pharacteristics, we
o~ 1120« have sub_merged the sample_ in liquid helium and evacuated the
(5) 1.10 lis & submersion chamber to achieve a measurement temperature of
g = 1.7 K. An observable increase in the conductance at energies
1.09 1110 corresponding to certain phonon (or combination of phonons)
11.05 energies is expected in an indirect material such as Si due to
LO8mges®™ 41,00 momentum conservation [17]. Fig. 6 shows the first and second
0 50 100 150 200 250 300 350 derivatives of thd—V characteristics at biases fror200 mV
Measurement Temperature, (K) to 4300 mV. Three inflections are evident in the first derivative

curve and become more pronounced in the second derivative
Fig. 5. Peak-to-valley current ratio (PVCR) of the diode from Fig. 4 as @urve where the phonon energy is approximately indicated by
function of measurement temperature (filled circles, left axis). The right axiie maximum of the second derivative peak [17]. For the diode

shows the correct scale for the ratio of the peak (open circles) and valley (o : :
triangles) currents as well as the current at a constant bias of 325 mV (o ownin Fig. 4, these values occur-&6, +-53 and+173 mV.

squares) normalized to their respective current values at 4.2 K. The solid lindscorrection of 852 for the series resistance of the unpackaged
afit to (8) using the optical bandgap data of reference [24], illustrating that tegfode give values of-17,+18 and+49 mV. These values are

temperature dependence of the tunneling current is due to the change in ban .

in the tunneling probabilty. f&350nably close to the values assigned by Chynoweth for the
transverse acoustic (18.4 meV) and the transverse optical (57.6

meV) phonon branches and indicate that phononassisted tun-

neling is the dominant band-to-band tunneling mechanism for

. obr 17K |, Si Esaki diodes grown by LTMBE.
S o10F %
~ Q
8 o005k 12 & IV. CONCLUSIONS
5 >
g 0.00 | {o 3 We have presentddV results and the effects of post growth
"g - o rapid thermal annealing on uniformly doped Si Esaki diodes
8 005 \ / g' grown by MBE. We have shown that all tunneling currents are
42 reduced by annealing for one minute between 640 and®800
A . TA 1 The decrease in tunneling currents is attributed to an increase of
02 01 00 01 02 03 the tunnel barrier due to dopant redistribution. The rate of cur-
Applied Voltage (V) rent decrease was empirically characterized by a an activation

energy of between 2.2 and 2.4 eV, and we developed a simple
Fig. 6. Conductancel/dV" (left axis) and the second derivativé1/av>  Model relating these values to the activation energy for dopant
(right axis) of the LTMBE grown Si Esaki diode from Fig. 4 taken at 1.7K. Aftediffusion. An optimal annealing temperature of approximately
e e ) s s o movion” 880 °C for maximal PVCR in Si Esaki diodes doped wih

and B appears to occur at the transition temperature where the

mechanism dominating theV characteristics changes from de-
We have fit the temperature dependence of the peak currentfest annealing to dopant redistribution. An optimal annealing
tios to the above equation using the optical bandgap temperatigmperature is expected when comparing the activation energy
dependence data of [28] to obtain the solid line shown in Fig. far spreading of the tunnel barrier to the lower activation energy
A value of 5.1 eV! is obtained for3m*1/2n*~1/2. The good (1.3 eV) characterizing the annealing of point defects in Si Esaki
fit between the experimental curves B o1(T)/I,eqk (4.2 K)  diodes [23]. These conclusions suggest that higher PVCR may
and equation (8) illustrate that the temperature dependencéefobtainable by using dopants with lower diffusivities such as
the tunneling currents is due to the tunneling transition probAs and Sb, since higher temperatures may be used for point
bility expression, where the change in bandga¥;) is the defect annealing (decreasing valley current), while maintaining
only temperature dependent term. the original doping profile (maintaining peak current).

The valley and the excess currents at a constant bias of 32%ariable temperaturel-V measurements were used to
mV (corrected for series resistance) likewise follow an exponeverify that both the peak current and excess currents were
tial dependence on Si bandgap up to around room temperatai@ninated by tunneling currents rather than thermally acti-
implying the tunneling nature of the excess current. In Fig. Bated recombination or diffusion currents. Inflections in the
the slight deviation of the normalized valley current and currediode conductance were observed at cyrogenic temperatures,
at 325 mV from the calculated curve for the peak current mapnsistent with phonon assisted tunneling in an indirect band
be explained by the fact that the factbm equation (8) actually gap semiconductor. The measured peak current density of 47
depends on bias through the field strength at the junction. Thia#/cm? is higher than that reported for any Si based tunnel
over the temperature and bias conditions we have studied, diede grown by MBE or formed using the alloy process.
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