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ABSTRACT

Tunneling in boron doped p-type silicon metal-semiconductor (MS) and

metal-insulator-semiconductor (MIS) tunnel junctions has been studied at low
2 2temperatures by measuring the derivatives, dl/dV and d I/dV , of the current-

voltage characteristics as functions of applied bias voltage V. The boron
18 —3impurity concentration of the silicon crystals varied from 6.5 x 10 cm 

20 -3to 2.3 x 10 cm . Junctions were prepared by evaporating metal contacts 

onto vacuum or air cleaved silicon surfaces.

The general features of the tunneling conductance were found to be 

in qualitative agreement with existing theories of tunneling in semiconductors. 

Structure in the derivative data resulting from the interaction of tunneling 

electrons with silicon zone center optical phonons and boron local mode 

phonons has been observed. The optical phonon lineshapes in the most heavily 

doped MIS units are shown to compare well with the theoretical lineshapes in 

which modifications in the bulk semiconductor states arising from electron- 

optical phonon interactions in the semiconductor electrode have been included. 

The origin of the optical phonon and local mode phonon structure in samples 

of lower doping is not fully understood.
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I. INTRODUCTION

Tunneling in a wide variety of semiconductor systems has been

studied over the past several years. A critical review of much of this

work has recently been given by D u k e . ^  Of particular importance to

the present work are the studies that have been made of processes

involving inelastic tunneling, namely electronic tunneling with the
(2 3)assistance of phonons. * Such processes are exemplified by a step

like increase in conductance at a bias corresponding to the energy of

the participating phonon. These effects are symmetric about zero bias.
2 2In a measurement of d I/dV (i.e. dG/dV), such effects are seen as anti-

s ymmet ri c pe aks.
(4)Wolf first presented data on the tunneling into p-type silicon

2 2that clearly showed symmetric peaks in d I/dV at the energies of the zone 

center optical phonon. He suggested that such effects arise from a modi

fication in the electronic dispersion relations resulting from

Present address: United Aircraft Research Laboratories, East Hartford, Conn.
ifPresent address: Research Laboratories Eastman Kodak Co,, Rochester, New York
*This work was supported in part by the Joint Services Electronic Program 
(U.S. Army, U.S. Navy, and U.S, Air Force) under Contract DAAB 07-67-C-0199; 
and in part by Jet Propulsion Laboratory Contract No. 952383.
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electron-phonon interactions. Davis and D u k e ^  have shown quantitatively

how such modifications can affect the structure in the tunneling conductance.
2 2They have made a detailed calculation of the shapes of the lines in d I/dV 

vs V. that result from these many-body interactions and have compared these 

calculated line shapes with experimental measurements.

This article is primarily concerned with the electron-optical phonon 

and electron-local mode phonon interactions in degenerate p-type silicon 

as revealed in electron tunneling spectra. Preliminary experimental results 

have already been p r e s e n t e d ^ a s  have related theoretical studies 

We present here more extensive experimental results with particular attention 

to the systematic changes that occur as a function of the concentration of 

the boron dopant.

Small conductance peaks, about 1 meV wide, and larger conductance 

minima, typically 5 - 1 0  meV wide, were observed at zero bias in the 

junctions of this experiment. These features are generally categorized 

as "zero-bias anomalies". The wider conductance minimum, which grows in 

size with decreasing impurity concentration, is a prominent feature of 

the metal-semiconductor units and will be treated in another paper.^

The magnetic field dependence of the narrow conductance peaks has been 

studied by Wolf et a l . ^ ^  These are interpreted in terms of the Appelbaum 

theory of magnetic exchange scattering across the tunneling barrier.

The required magnetic moments are thought to arise from neutral acceptors 

localized in the depletion region.

Two factors are worth emphasizing in considering these experiments. 

First, the cleavage technique used in preparing the junctions insured that
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the boron density is constant to within a few angstroms of the surface. 

The problem inherent in fabrication methods involving thermal oxidation 

and etching of the silicon surface have been avoided. Tests indicate 

that the present method provides a simple technique for preparing tunnel 

junctions with reproducible characteristics. Second, a superconductor 

was used as the metal electrode in all cases. Data are presented only 

if the junctions exhibited the structure of the superconductor for 

temperatures below the transition temperature of the superconductor.
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II. EXPERIMENTAL CONSIDERATIONS

A. Junction Fabrication

All of the tunnel junctions whose characteristics are to be described 

were fabricated from p-type silicon single crystals doped with boron. One 

centimeter thick slices were sawed from Czochralski grown crystals with {111} 

orientation. Variations in resistivity over the entire slice was verified 

to never be more than a few percent. The boron impurity concentrations, N ,cl
were obtained from the room temperature resistivity vs. impurity concentration

(12)data compiled by Irvin.

Briefly, junctions were formed by cutting sample bars from a 1 cm.

slice, attaching an ohmic contact, cleaving the silicon bar and evaporating

a metal electrode onto the cleavage plane. Electrical contact was then made

to the evaporated metal electrode. In all cases, the junctions were formed

on {111} crystallographic planes.

Most of the data was obtained with junctions fabricated according

to what shall be called the "dot" technique. Rectangular bars, measuring

2 x 4 x 10 mm were sawed from the silicon slices with the <^L11^ axis along

the 10 mm direction. All surfaces of the bars were then nickel plated
(13)using an electroless nickel plating process. Proper cleansing and

etching of the silicon bars in preparation for plating was found to be 

critical in obtaining low resistance electrical contacts. After 5 minutes 

in the plating solution, the samples were removed and a gold or copper 

wire was soldered to one of the 2 x 4  mm faces with Ceroseal solder 

thereby forming the ohmic return contact. The resistance of such
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contacts, R^, was determined by soldering contacts to either end of a

bar plated only near the ends and measuring the conductance vs. bias of
19 -3the two series contacts. For samples with greater than 1.5 x 10 cm ,

was less than 0.1 ohm.
18 -“3N = 6.3 x 10 cm . Since the conductance of the back contact was at

R^ was as high as 5 ohms for samples with

a
least 100 times that of the tunnel junction itself, this undesirable

feature of the nickel contacts was not considered serious.

It was desirable to have junctions with resistances greater than

50 ohms to avoid the distortions of the data accompanying lower resistance

junctions (see IID), and to limit the junction resistance to a few kilohms

since the available signal power depends inversely upon sample resistance.

The ambient conditions under which the samples were cleaved were therefore

tailored to produce junctions with resistances in this range and to

guarantee that the back resistance was negligible compared to the junction
19 -3resistance. For silicon with N > 1 0  cm the junctions were formed by

cl

cleaving the bars in laboratory air allowing an insulating layer to grow 

on the cleavage plane. The exposure time varied from a few minutes to 

an hour.

Following the oxidation period, the samples were mounted in a

diffusion pump vacuum system immediately above an evaporation mask

containing an array of small circular holes. At pressures <10  ̂xorr,

lead or indium was evaporated through the mask onto the cleavage plane

to a thickness of 0.5 to 1.0 microns in 2 to 4 minutes producing metal
2 2dots with areas of 0.0044 mm to 0.032 mm , depending upon the mask used.
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19 -3Samples with concentration N < 1.5 x 10 cm were cleaved in
Si

vacuum. This was accomplished with the use of a special cleaving device
(15)in the vacuum system. Junctions that were prepared under conditions

in which the metal-semiconductor interface contamination was minimized
""6(ambient pressure <10 Torr, minimal time delay between cleavage and

exposure to the evaporating metal, and evaporation rates of 50 X/sec or

greater), were found to be of very low resistance, essentially short

circuits. In order to fabricate samples with measurable resistances,

it became necessary to increase the time delay and/or increase the
19 -3pressure. Therefore, the lower doped samples, N <1.5 x 10 cm , were

Si

—6 “5cleaved in vacuums of 10 to 10 Torr with time delays ranging from a 

few seconds up to 10 minutes.

Within a few minutes after removal from the vacuum system contact 

was made by lowering a spring loaded lead or indium tip onto one of the 

dots. The tip was fashioned by cutting a short length of 1/16 inch dia

meter indium or lead wire to a point using a freshly cleaned razor blade 

mounted in a microtome. A cold weld was formed between the tip and the 

dot giving the assembled system some mechanical stability. Contact forces 

were measured to be between 10 and 100 mg. Delays in making the contact, 

particularly in high humidity, allowed an oxide layer to form and prevented 

the formation of the cold weld.

These dot junctions, while possessing some mechanical stability, 

were quite delicate and great care was required when transferring the 

assembled junction to the liquid helium dewar. Junctions of greater 

mechanical stability were made by utilizing photoresist methods in making



7

/ 1 £ \
contact to the evaporated metal dots. ' The initial steps of this process 

were identical to those of the dot junction process.

After the metal dots had been evaporated onto the cleaved surface 

of the silicon bar and the sample removed from the vacuum system, the surface 

was coated with a thin layer of photoresist. The cleavage surface was then 

examined under a microscope and several dots located on areas free of fracture 

lines were selected and the areas above these dots exposed to UV light. The 

photoresist was then developed, producing holes thru to the original lead 

dots and more lead was now evaporated onto areas above the holes in the 

photoresist. This second layer of lead was several microns thick and 

about 0.5 mm x 1 mm in area. Contact to the second lead layer was then 

made by pressure contact. The same spring loaded tip was used to contact 

the second lead layer, the difference being that, this time, the tip was 

located at a point off the dot and more pressure was applied. The resulting 

system proved to be quite stable and it was possible to cycle the junctions 

between helium temperatures and room temperature repeatedly over an extended 

period of time without altering the tunneling characteristics. Unfortunately 

this process was developed only after most of the data on air cleaved samples 

had been accumulated. Nearly all of the vacuum cleaved samples were fabricated 

with this dot-photoresist technique.

The dot-photoresist junctions also proved valuable in establishing 

that the tip used in making contact to the dot samples did not damage the 

silicon surface and thereby influence the observed phonon lineshapes. Data 

obtained from dot and dot-photoresist samples are in complete agreement with 

one another,indicating that no such effect is occurring.
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Table I contains a listing of the samples from which data will 

be presented. For each sample, the type of metal contact, room temperature 

resistivity and corresponding boron impurity concentrations are given.

The method of construction, i.e., dot or dot-photoresist, is also indicated 

in the table. For the vacuum cleaved units, the conditions under which 

the unit was fabricated, namely ambient pressure and delay time, are also 

given. Also indicated in Table I are the calculated values of the Fermi 

degeneracy y^ obtained by assuming parabolic valence bands and effectiver
masses of m. = 0.16, m, = 0.49 and m = 0.245. Contributions to the £ h so
density of state arising from the spin-orbit split-off band were included 

for values of y equal to or greater than the spin-orbit splitting energy 

of 44 meV. Although the Fermi energies thus calculated will be some

what in error, particularly for the higher values of y , these values willF
be sufficient for the present purpose.

In all, the authors measured over 300 junctions. The data from 

every sample listed in Table I was quite reproducable and every feature 

of the data discussed in the text was reproduced with several different 

junctions.

B. The Tunneling Barrier

In the case of air cleaved samples, the tunneling barrier consists 

of both the Schottky depletion region in the semiconductor and the oxide 

layer grown on the surface before evaporation of the metal contact.

Because of its complexity, a precise parameterization of the barrier is 

not feasible. Optical measurementsv of oxide growth on etched silicon
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surfaces in room air indicate that thicknesses of about 12 & are formed in

2 minutes and that in 3 hours this thickness has increased to about 18 &.

The thickness of the oxide film is therefore assumed to be roughly 10 to

20 &. Metal-silicon dioxide barrier heights have been measured by Deal, 
(19)Snow and Mead for several metals; unfortunately neither lead nor 

indium were studied. The correlation between the electronegativity of the 

metals and the barrier height suggests, however, that for lead or indium 

the metal-silicon dioxide barrier is approximately 3.7 eV.

Conductivity m e a s u r e m e n t s o n  cleaved (111) silicon surfaces 

indicate that surface states of high density are formed at an energy of 

0.60 ev ± 0.15 ev above the valence band when oxygen is absorbed on the 

cleaved surface. The width dg of the Schottky depletion layer can be 

estimated from
d = /27reN ) 2 (1)s s a

where <b = 0.60 eV + p and N is the acceptor concentration near the s F a  r
surface. Barrier widths thus calculated range from about 20 X for the

silicon of highest doping to over 100 X for the lower doped material.

An estimate of the transmission probability of the oxide and Schottky

barriers can be readily obtained in the WKB approximation. Such
20 -3calculations indicate that for = 2.3 x 10 cm the Schottky barrier

contributes negligibly to the junction resistance while at N = 2.0 xa
19 -310 cm the transmission probabilities of the oxide and Schottky barriers 

are of comparable magnitude.

For vacuum cleaved samples the barrier configuration is less 

certain. Most of these junctions were prepared under conditions that



TABLE I

SAMPLE CHARACTERISTICS

-3N (cm ) a Resistivity 
(ohm cm) (meV)

Sample
Number

Metal
Electrode

Fabrication
Technique

.Cleavage Conditions 
Vacuum ^ Time Delay 

(Torr x 10 ) (sec)

2.3 x 1020 0.00054 210 57-2 In dot air cleaved

88 Pb dot-photo air cleaved

1.2 x 1020 0.0010 140 75 In dot air cleaved
194.6 x 10 0.0026 77 81-5 In dot air cleaved
192 e 0 X  10 0.0058 48 82 In dot air cleaved
191.8 x 10 0.0065 45 127-2 Pb dot-photo 8 600
191.35 x 10 0.0084 37 123-2 Pb dot-photo 10 300
19I.25 x 10 * 0.0090 35 117-1 Pb dot-photo 6 300

9.3 x 1018 0.0117 29 116-1 Pb dot-photo 8 300
1 86.3 x 10 0.0162 23 113-2 Pb dot-photo 5 15
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allowed some contamination of the semiconductor surface prior to the

evaporation of the metal contacts. If a sticking coefficient of unity
_6is assumed, then at a pressure of 10 Torr, a monolayer is adsorbed in a

few seconds. However, the work of Archer'1 indicates that only about

12 X or about 3 monolayers of oxygen are adsorbed on a silicon surface

in 2 minutes at atmospheric pressure. It therefore seems probable that

the vacuum cleaved silicon surfaces have adsorbed no more than a single

monolayer. Even so, these units cannot be described as intimate metal-
(21)semiconductor contacts of the type studied by Steinrisser et.al.

They can, nonetheless, be categorized as MS junctions rather than 

MIS junctions.

C. Sample Holders and Cryostat

Dot samples were mounted in one of two special holders designed

for these units. A means of adjusting the position of the sample was

provided for locating a selected dot on the sample cleavage plane under

the spring loaded tip. In one sample holder the tip was pivoted from

a small jewel mounted axle that was spring loaded with a watchspring.

A calibrated germanium resistance thermometer was mounted close to the

sample providing accurate temperature sensing. The other system, employed

a thin cantilevered strip of beryllium copper spring material to provide
( 22)the spring loading. The indium or lead tip was soldered to the end

of the beryllium copper strip.

The sample holder was then attached to the end of a stainless 

steel tube and immersed directly in the liquid helium. An electromagnet
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capable of producing fields up to 5 kG was used for magnetic field measure

ments .

D. Measuring System,
2 2The ac tunneling conductance, dl/dV, and its derivative, d I/dV ,

were measured with the system shown in Fig. 1. Derivative techniques are

familiar and only a brief description of the measuring circuit is necessary.

A 400 Hz signal was applied to the series combination of the tunnel junction

and a measuring resistor, R . The modulation was stabilized to betterm
than 1% by the shunt resistor R The ac voltages developed across Rm 

by the ac current 1(f) and the first harmonic current I(2f) were synchronously 

detected by a lock-in amplifier and plotted on an X-Y recorder as a function 

of applied dc bias voltage V. An integrator circuit was used to drive the 

power amplifier supplying the bias voltage. Sweep rates as low as OcOOlmV/sec 

were attainable.
(3)The ac currents 1(f) and I(2f) at a dc bias V are given by

Kf) = (§> e  + (§) d _1 a +

I(2f) = [I + (^) r! 3 A2

constant (̂ — r) A^ + ... (2)
dV

+ constant (̂ “ t) A^ + ... (3)
dv

where A is the peak value of the ac modulation across R^» an^ ^ the sum

of all resistances in series with the tunnel junction. Included in R, in

addition to R , are the lead resistance, R„, back contact resistance, m £
and the spreading resistance, R , °f the small metal dot on the silicon 

(23)surface. The effect of higher derivatives was minimized by reducing
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the modulating voltage to the smallest value compatible with the signal-

to-noise-ratio of the particular junction being studied. For dl/dV

measurements this value ranged between 100 yV and 1 mV peak-to-peak, and 
2 2for d I/dV measurements the modulation voltage varied between 1 and 4

mV peak-to-peak. The term E + ^ > rJ  was made as close to unity as possible

by minimizing R and controlling the junction fabrication process so as to

yield junctions with resistances greater than 50 ohms. was usually

1 ohm and the lead resistance was about 0.5 ohm so that R < 2 ohm. (The

back contact resistance and spreading resistance together amounted to

less than 0.25 ohm for MIS units.) Thus, for a sample with an incremental

resistance of 50 ohms at some value of bias V , the deviations from theo
true conductance and its derivative introduced by this factor at V waso
4% for conductance measurements and 10% for second harmonic measurements.

In most cases the sample resistance was greater than 50 ohms and the

resulting deviations even smaller. This accuracy was deemed sufficient
2 2for the present purpose. Also, the position of peaks in d I/dV is not 

affected by errors due to higher order terms in Eq. 3 since these 

terms will have even symmetry about such peaks and thus will not shift 

the position of these structures.

It is also important to note that the phonon lineshapes would 

not be noticeably altered by the corrections since the correction factor 

varies as £l + (dI/dV)iTJ , where (dI/dV)R is small (typically less than 

0.04), and the change in dl/dV itself over the bias range of the phonon

structure is small.
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III. EXPERIMENTAL RESULTS

A. General Remarks

Figures illustrating experimental data were prepared directly 

from X-Y recorder plots. Tracings were made of the recorder plots and 

these tracings were then photographically reproduced. Since the measuring

system yields 1(f) and I(2f), it is acutally these quantities that appear
2 2in the figures. While the true derivaties, dl/dV and d I/dV , could 

have been obtained by applying the bias dependent correction factors in 

Eqs. 2 and 3, these corrections have not been made. As explained in 

Sec. IID, the parameters of the measuring circuit were chosen to 

ihinimize these corrections, and the data are therefore presented as 

dl/dV and d^I/dV^ versus V.

Positive bias corresponds to raising the Fermi level in the

metal with respect to the Fermi level in the semiconductor. Thus, for

positive bias the final electron state for a tunneling transition from

the metal lies in the silicon valence band. At negative bias, the process

may be regarded as tunneling of electrons out of occupied states in the

silicon valence band into the metal. Typically, measurements were taken

in the range of bias -100 mV < V < 200 mV. The conductance scales are
2 2linear; the vertical scale for d I/dV data is also linear but of 

arbitrary magnitude.

Structure resulting from the superconducting energy gap of the

metal electrode was observed in all MIS and MS junctions at temperatures

below the critical temperature of the superconductor, T . In the casec
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of the indium, this structure appeared at 3.41°K within an experimental

accuracy of ±0.1°K. The onset of superconductivity was not observed in

lead junctions since measurements were only made at 77° and at temperatures

below 4.2°K. A sensitive comparison of the experimental gap structure can

be made with the predictions of the BCS theory by comparing the zero bias

differential conductance ratio, (dl/dV) /(dl/dV) , with the BCS value.s n
In some cases the correspondence was found to be quite good while other 

junctions showed large deviations. It was observed, however, that the 

features of the "good" MIS junctions; namely, phonon lineshape, background 

conductance, etc., showed no correlation with the absence of a detailed 

agreement between the experimental gap structure and BCS theory.

The phonon structure associated with the superconductivity of the

metal electrode was also observed. The 4.4 meV and 8.5 meV lead phonons
2 2are clearly evident in both the dl/dV and d I/dV data of junctions with

lead electrodes. Additional lead phonon structure arising from multiple
2 2phonon processes can be observed out to about 20 meV in the d I/dV data

of these lead junctions. The indium phonon structure is much weaker but
2 2can still be observed in the d I/dV data at about 15 meV.

Tunneling measurements were usually made with the metal electrode

in the normal as well as the superconducting states. Indium units were

measured at 4.2°K and 1.5°K. Data were taken with the lead in the normal

state by applying a magnetic field of a few kilogauss. It was found that

fields somewhat greater than the bulk critical field were required to

quench the superconductivity, presumably because of fringing of the 
(25)evaporated dots.
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In many cases, samples of a given doping were prepared both 

with lead and with indium dots. The contacting tip was usually made 

of the same material as the dots, but in several instances indium tips were 

used with lead dots. Never was there any evidence of structure in the 

data related to the type of metal tip, and no structure, other than that 

due to superconductivity, could be attributed to the metal electrode 

material.

b . Metal-Insulator-Semiconductor-Junctions

The tunneling characteristics of MIS junctions prepared from 

the four most heavily doped silicon crystals are shown in Figs. 2 through 

5. The general features of the conductance versus bias data are in 

qualitative agreement with existing predictions for metal-insulator- 

degenerate semiconductor contacts. Recent calculations of the conductance 

of such systems by Changv indicate that, for a semiconductor with a 

relatively small Fermi degeneracy, the minimum in the conductance should 

occur at the Fermi energy, and for a more heavily doped semiconductor, 

the minimum will occur at an energy equal to or smaller than the Fermi 

energy. The energies of the experimental dl/dV minima are indicated

in Fig. 6 and are compared with the calculated values of y . AtF
19 -3N = 2.0 x 10 cm , the range of values brackets y . At higher3 Jt1

doping, the energies of the experimental conductance minima fall below 

Pp, the difference being exaggerated by the aforementioned errors in 

the calculated values of y . The position of the measured conductancer
minima therefore conform roughly with Chang's theory. The approximately
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linear portion of the dl/dV curve of the most heavily doped unit (Fig. 2)

in the region eV < 60 meV is in accordance with the conductance versus

bias predicted by the elastic, specular tunneling model of a MIS junction

in which the barrier penetration factor is taken to be a constant.

The interaction of electrons (holes) with bulk semiconductor

optical phonons of small wave vector k is observed as structure in dl/dV 
2 2and d I/dV at values of applied bias such that eV ~ ± hu) , where hco iso o

the silicon optical phonon energy at k = 0. Raman scattering experiments
(27) (28)at room temperaturev and helium temperature'' J yield a value of 64.8 eV 

for this energy.
2 2The position of the positive bias d I/dV peak has been measured

20 -8 20 -8to be 64.2 ±0.4 meV for samples with N = 1.2 x 10 cm and 2.3 x 10 cm .a
A slight shift in the peak energy is observed with decreasing doping. At 

19 -3N = 2.0 x 10 cm the peak is located at 64.5 ± 0.4 meV. Because of the a
large Fermi degeneracy of the silicon, it is believed that any differences 

2 2between the d I/dV peak energies and the 64.8 meV value from Raman
(4)scattering is due to phonon dispersion. The observed shift of the peak

towards higher energy with decreasing N (and thus smaller y ) would seema F
to support this explanation.

At positive bias, the electron-optical phonon interaction results
. . 2 2 in a positive step in the conductance and a corresponding peak in d I/dV

for all four values of N . The percentage change in conductance has been
Si

measured to be between 9 and 17%. As would be expected, this value is
19 -3largest for the N = 4.6 x 10 cm samples where the conductance minimumcl

is near-ho^. MIS tunnel junctions fabricated from silicon with an impurity
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concentration less than 2.0 x 10 cm exhibit a very weak phonon structure

that is barely discernible from background noise. This extreme dependence

of the phonon structure upon doping is not understood at present.

The lineshape of the optical phonon at positive bias varies little
20 -3with impurity concentration. At N = 2.3 x 10 cm (Fig. 3) the phononcl

2 2structure in d I/dV has a shallow dip below the peak, if account is taken

of the rising background. Samples from the three lower doped crystals

exhibit more or less a simple peak.

The optical phonon lineshape behaves quite differently at negative

bias, showing a wide variation over the impurity concentration range studied.

This variation with doping is summarized in Fig. 7. In samples with the
2 2three highest doping levels the lineshape of d I/dV at negative bias is

essentially a positive peak corresponding to a decrease in conductance.
20 -3Samples for which N = 2.3 x 10 cm exhibit a sharp negative dip

cL

precending the positive peak. This dip is also present at N = 1.2 xcl
20 -310 cm but is less pronounced. The negative bias peak for these two 

highest doping levels occurs at 65.4 ± 0.5 meV and is always somewhat 

smaller than the peak at positive bias. The change in conductivity at

negative bias is 1.4 ± 0.5% for these samples. Junctions with the next
1 9 - 3  2 2lower doping, N = 4.6 x 10 cm , also show a positive peak in d I/dV<3.

but now the peak has shifted to a lower energy, 64.6 ± 0.5 meV, and is 

followed by a shallow negative dip at higher energy. The change in 

conductance at negative bias for these units is quite small (<0.5%).

No change in conductance is seen in junctions fabricated from the silicon 

of lowest doping. Instead, a small change in the slope of the conductance
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p pversus bias data is observed producing a steplike change in d I/dV as 
shown in Fig. 7.

Small variations in the phonon lineshapes resulting from the

superconductivity of the metal electrode are observed in all MIS units.
2 2The effects of the superconductivity on the d I/dV phonon structure 

in the most heavily doped units can be seen by comparing Fig. 2 with 

Fig. 10. In the case of the MS units of Fig. 9, the variations in the 

d2I/dV2 phonon lineshape with the superconductivity of the metal electrode 

are indicated in the figure by the solid and dashed line. All measurements 

of phonon peak energies in this experiment were made with the metal electrode 
in the normal state.

2 2Additional peaks in d I/dV near the optical phonon energy, but

well resolved from it, are associated with local mode phonons of the

boron acceptor impurities. This structure is strongest in the samples

with the highest boron concentration where it is observed as a positive

peak in both positive and negative bias at about 80 meV. At liquid
2 2helium temperatures the d I/dV structure appears to be a single peak 

but as the temperature is lowered to 1.5°K two separate peaks are resolved 

in forward bias as shown in Figs. 2 and 8. The negative bias structure is 

not clearly separated into two peaks but the presence of more than a single 

peak is evident in Fig. 8. The lower energy positive bias peak is located 

at 77.4 ± 0.4 meV. The separation of the peaks is measured to be 2.5 ± 0.5 
meV.

(29)Infrared absorption experiments^ ' on silicon crystals containing
19 3up to 1.3 x 10 boron atoms per cm demonstrate that absorption peaks at
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76.9 and 79.9 meV result from localized vibrations of isolated B11 and B10, 

respectively. Since the natural isotopic abundances are 80% and 20% for 

B11 and B10 respectively, it would be expected that the strength of the 

two peaks would be in the ratio of 4:1. Examination of Fig. 8 reveals 

that, while the strengths of the two peaks cannot be accurately ascertained, 

the experimental data are in rough agreement with the relative abundance 

ratio. The small discrepancies in energy can be attributed to the 

proximity of the two peaks.

Boron mode structure is also observed in samples with lower 

boron concentration although the strength of the structure decreases 

rapidly with decreasing N and is not visible in the MIS samples of
cl

20 -3lowest doping. In MIS samples with N = 1.2 x 10 cm the forward

bias structure is clearly visible and is roughly half as large as in the

more highly doped sample. Although the negative bias structure is quite

small and in some cases barely discernible, it is clear that the negative 
2 2bias peak in d I/dV due to boron is positive. In those samples with the

two highest impurity concentrations the positive bias boron structure is
2 2also visible in the conductance data. The positive bias d I/dV boron

19 -3peaks are just visible above the background noise in N = 4.6 x 10 cma
units. This strong dependance on the boron impurity concentration together 

with the observation of the isotope splitting firmly establish the origin 

of this structure as being due to tunneling with the phonon involved 

arising from isolated boron atoms.
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C. Metal-Semiconductor Junctions 
2 2The d I/dV tunneling characteristics of MS junctions prepared

from silicon crystals with boron impurity concentrations ranging from 
18 —3 19 -36.3 x 10 cm to 1.8 x 10 cm are shown in Fig. 9. A detailed

consideration of the conductance of these junctions will be the subject

of another paper and will not be discussed here. The discussion in this

article will be confined to the phonon structure.

The optical phonon structure, which was very weak in MIS junctions 
19 -3with Na < 2.0 x 10 cm , is readily detected in MS junctions fabricated

from the same silicon crystals. At positive bias, the optical phonon
2 2 ig —8d I/dV peak is seen in all MS units. In N = 6.3 x 10 cm units, thea *

2 2structure is weak but nevertheless detectable above the d I/dV back

ground. If the metal electrode is made superconducting, the peak is

sharpened and more readily observed. The increase in conductance at
19 -3the optical phonon energy varies from about 5% in N = 1.8 x 10 cma

units to less than 1% in the MS junctions of lowest doping. At negative

bias the optical phonon structure is detected only in samples for which
19 —3 1 Q _'3N > 1.25 x 10 cm . The lineshape in N = 1.25 x 10 cm junctions a —  a J

is similar to that seen in N = 2.0 x 1019cm”3 MIS units (Fig. 5); i.e.,
8 l

2 2a step down in d I/dV as the bias is increased in the negative direction.
19 -3At N - 1.8 x 10 cm , the negative bias optical phonon lineshape resembles

a

19 -3that seen in N = 4.6 x 10 cm MIS units (Fig. 4). In all cases the
cL

negative bias optical phonon structure in MS junctions is quite weak, 

making clear identification of the lineshape difficult.
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The boron local mode phonon structure, which was not clearly
2 2detectable in the lower doped MIS junctions, is evident in the d I/dV

18 “3data of MS junctions with N > 9.3 x 10 cm . While the boron structurea —
was not observed at negative bias in these MS units, the positive bias

boron peak is seen to be much larger in comparison to the optical phonon
2 2peak than it was in the MIS samples. The d I/dV boron peak is roughly 

half as large as the optical phonon peak. The effect of the super

conductivity of the metal electrode on the MS phonon lineshapes is 

shown by the dashed lines in Fig. 9.
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IV. DISCUSSION OF RESULTS

19 -3For all MIS junctions with N > 2 x 10 cm , the interactionsa ’
between tunneling electrons and optical phonons results in structure in

the conductance, dl/dV, which is approximately antisymmetric about zero
2 2bias. The corresponding d I/dV lineshapes are approximately symmetric

about V=0 as seen in Figs. 2, 3, 4, and 8. This symmetry is of particular

importance for it distinguishes these lineshapes from those that would

result from phonon-assisted tunneling.
(4)Davis and Duke have calculated the influence of electron

interactions with optical phonons on the electronic self-energies in

degenerate semiconductors. They have numerically evaluated the effects

of such many-body interactions on the tunneling conductance for the case

of p-type silicon MIS junctions. The resulting theoretical lineshape is

in qualitative agreement with the structure observed in the N = 2.3 xa
20 -310 cm junctions as shown in Fig. 10. Specifically, the calculated 

2 2d I/dV lineshape has the same symmetry about zero bias, the same relative 

size of forward to reverse bias structure, and the shape of the theoretical 

curve closely resembles the experimental data. The symmetric second 

derivative structure is therefore believed to result primarily from an 

electronic self-energy effect in the semiconductor electrode due to inter

actions of the tunneling particle and the optical phonons.

Treating the boron impurity as a harmonic oscillator in a 

degenerate hole (electron) fluid, Davis and D u k e ^  also calculated the 

hole-local mode phonon coupling in silicon. They find that the form of
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the coupling is essentially identical to the hole-LO-phonon coupling in
2 2a polar semiconductor. The d I/dV lineshapes resulting from polar coupling 

(Fig. 8, Ref. 5) are similar to those obtained with the use of deformation 

potential coupling appropriate for silicon (dashed curve in Fig. 10). In 

both cases the phonon interaction results in a nearly symmetric second

derivative structure. The symmetric nature of the experimental boron
2 2  2 0 - 3mode d I/dV structure in the N = 2.3 x 10 cm units therefore suggests

cl

that this too is the result of an electron self-energy effect rather than 

an inelastic phonon emission process.

As the boron impurity concentration is reduced, the MIS optical 

phonon lineshapes show increasing deviations from the calculated self

energy lineshape of Davis and D u k e . ^  These variations with doping are 

particularly evident at negative bias as shown in Fig. 7. Duke and Kleiman^^

have recently calculated the self-energy lineshapes for silicon of lower
2 2doping. Their results indicate that the self-energy d I/dV line-

shapes, particularly at negative bias, are not sensitive to the doping

of the semiconductor. Therefore, the variations in the experimental 
2 2d I/dV structure with doping cannot be attributed to a dependence of 

the bulk self-energy effect upon impurity concentration.

In view of the concentration dependence of the experimental data 

and the recent calculation by Duke and Kleiman^^ , it appears that other 

effects must be present. One might ask, for example, whether the data 

can be explained by assuming that both self energy effects and phonon 

assisted tunneling contribute to a significant degree, particularly in
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the case of the lower doped junctions.
19 -3In N = 2.0 x 10 cm samples, for instance, the silicon Fermi

cl

degeneracy is about 48 meV, which is considerably less than the zone center 

optical phonon energy of 64.8 meV. Thus, at a positive bias equal to the 

phonon energy, electrons tunneling from states near the Fermi level of the 

metal electrode are tunneling into a state in the forbidden gap of the 

semiconductor. Emission of an optical phonon may allow this to occur. 

Self-energy effects at positive bias are expected to be weaker for those 

cases in which -ftto > y . Since, however, there is no drastic change in 

the structure of the line at this dopant level, it is likely that inelastic 

phonon emission plays a reasonably important role in these lower doped 

junctions.

At negative bias, the situation is somewhat different. The 
2 2negative d I/dV peak characteristic of phonon assisted tunneling was 

not detected in any of the tunnel junctions of this experiment, and hence 

there is no evidence for this mechanism at negative bias. Structure 

resulting from self-energy effects at negative bias is not expected 

to be sensitive to whether y is greater or less thanHia) as was the
r  O

case at positive bias. At a negative bias equal to the phonon energy,

electrons are tunneling from states deep in the silicon valence band and

calculations of the self-energy effect are therefore insenstive to the

degeneracy of the semiconductor. The bulk self-energy effect is thus

expected to be more evident at negative bias than at positive bias for

material in which y_ < "iuo .F o
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Thus, the experimental optical phonon lineshapes in the sequence

of MIS samples examined in this work cannot be satisfactorily explained

either in terms of the bulk self-energy effect alone or in terms of a

combination of bulk self-energy and phonon assisted tunneling. In

addition, even in the most heavily doped units, where the agreement is
2 2best between the experimental d I/dV data and the bulk self-energy line- 

shape calculated by Davis and Duke/5) there is a lack of detailed agreement 

between theory and experiment (see Fig. 10). At positive bias, the sharp 

negative dip preceeding the positive peak is not observed experimentally.

At negative bias, the theory predicts a substantial change in the slope 

of the dl/dV characteristic as the bias is swept from one side of the 

optical phonon structure to the other. The experimental data show no 
such change in slope.

Duke has pointed out that the phonon structure can be influenced

by self-energy effects arising from interactions in the barrier region as well
(31)as from interactions in the bulk. Such barrier self-energy effects

might be expected to depend rather strongly upon impurity concentration 

since various properties of the barrier itself vary with doping. The 

dependence of the negative bias optical phonon d I/dV lineshapes upon 

impurity concentration might then be explained in terms of the dependence 

of the barrier self-energies upon doping. In particular, it is thought 

that the self-energies and hence the lineshapes may be influenced by 

changes in the screening in the semiconductor depletion region adjacent 

to the bulk where the free carrier concentration in non-zero.
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(32)Brailsford and Davis have recently shown that structure in the 

lineshapes, similar to that obtained with many-body effects, can occur due 

to a combination of the inelastic process involving phonon emission and 

interference between the elastic channel and a two-step process involving 

the excitation and subsequent de-excitation of electrons by phonon emission. 

The features of the boron local mode phonon structure tend to

support the conclusions that interactions in the barrier region and screening
2 2are important factors. The symmetry of the boron d I/dV structure in the 

20 -3N = 2.3 x 10 cm MIS junctions was used to distinguish that structure
a

from inelastic phonon assisted tunneling. In the lower doped units, both 

MS and MIS, the boron structure is not observed at negative bias and so 

an identification on the basis of symmetry about V=0 cannot be made.

Even so, the variations in the strength of the effect with impurity 

concentration and method of device fabrication (MS or MIS) allow certain 

inferences to be drawn.

In the MIS junctions, where the impurity concentration varied 
19 —3 20 —3between 2.0 x 10 cm and 2.3 x 10 cm , the positive bias boron local

mode phonon peak was approximately 25% as large as the optical phonon peak

in the most heavily doped units and the relative size diminished with

decreasing boron content until it became nearly undetectable at

N = 2.0 x lO^cm ^. For MIS samples with N < 2 x lO^cm”^, neither a a
the boron structure nor the silicon optical phonon structure were 

unambiguously detected. Both of these phonon peaks were observed in 

MS junctions fabricated from crystals with the same doping. In MS
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18 -3 19 -3units with N between 9.3 x 10 cm and 1.8 x 10 cm the boron peak was a
approximately 40% as large as the optical phonon peak and this proportion

varied less than 10% over that range of doping. The fact that the phonons

can easily be detected in MS junctions but not in MIS junctions made from

the same semiconductor material is almost certainly related to the properties

of the barriers. That the addition of the oxide layer should decrease the

transmission of the barrier and make detection of the phonon peaks more

difficult is not unexpected. However, not only does the oxide layer

cause a rapid decrease in the strength of the phonon structure for
19 -3silicon with N < 2 x 10 cm ; but, as is evident by comparing the a

data from MS and MIS junctions in this region of concentration, the

optical phonon and local mode phonon structures are not equally affected
19 -3by the insulating barrier. In MIS units with = 2.0 x 10 cm , the

boron phonon peak was not clearly detected and certainly was less than 10%
19 -3of the optical phonon peak. In MS units with N = 1.8 x 10 cm , the

cl

local mode phonon peak was 40% as large as the optical phonon peak and 

represented an increase in conductance of approximately 2%. This change 

in the relative size of the boron peak with the type of barrier is indicative 

of the importance of the barrier in determining the phonon structure. When 

the oxide is present, the silicon optical phonon effect is dominant and 

the interaction with boron local mode phonons play a secondary role.

With no oxide and a barrier consisting of only the Schottky depletion region 

in the silicon, the boron phonon structure becomes comparable in magnitude 

to the optical phonon structure. It seems unlikely that electron-phonon
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interactions in the semiconductor bulk would be sensitive enough to the 

nature of the tunneling barrier to produce these effects.

It is concluded, on the basis of these observations, that the 

interactions giving rise to the optical and local mode phonon structure 

in the lower doped units occur primarily in the barrier region. Also, 

the fact that the relative size of the boron peak in the MS units remains 

essentially constant while the boron concentration decreases by a factor 

of two may suggest that screening plays an important part in determining 

the local mode phonon structure. The reduction in screening at lower 

boron concentrations presumably leads to an increase in the strength 

of the interaction that is large enough to conterbalance the decrease 

in density of boron impurity atoms.

It was noted previously that in MIS junctions with N <_ 1.8 xcL
19 -310 cm the phonon structure was very weak. In view of the fact that

the phonons were easily detected in MS units with the same doping, the

rather sudden disappearance of the phonon structure in the MIS units
19 -3is not fully understood. At a doping of N = 1.8 x 10 cm , the Fermi

cl

degeneracy is about 45 meV, and thus close to the spin-orbit splitting 

energy of 44 meV. If tunneling into the split-off valence band is 

somehow more probable than tunneling into the light- and heavy-hole 

bands, then the fact that the phonons seem to disappear when y_ becomesr
less than EgQ may not be coincidental. More probably, the structure is

18 —3simply lost in the noise, as MIS units with N < 1.8 x 10 cm tendeda —
to have higher resistances and consequently the data exhibited poorer 

signal-to-noise.
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V. SUMMARY

The present measurements demonstrate that electron tunneling is

an effective probe of the collective excitation spectra of degenerate

semiconductors and of some of the properties of the tunneling barrier.,

The results presented here suggest that a satisfactory description of
2 2the dependence of dl/dV and d I/dV upon V involves an understanding of 

the relative importance of three processes, namely, i) inelastic effects 

in which phonons are emitted, ii) many-body effects in the bulk of the 

semiconductor, and iii) many-body effects in the barrier, particularly 

in the Schottky barrier of the semiconductor.
2 2At very high dopant levels, the lineshape in d I/dV is 

reasonably well fitted by a theory that considers only many-body effects 

in the bulk semiconductor. At these dopant levels, the many-body effects 

may dominate. It has not been proved, however, that these lineshapes can

not also result from inelastic processes that interfere with elastic processes
2 2Since no discontinuity is observed in the shape of the d I/dV

peaks as the dopant level is decreased to a point where-hto > p_, it is
o j.

suggested that many-body bulk effects cannot dominate the processes at 

these doping levels. In fact, this suggests that phonon assisted processes 

increase in importance as the doping decreases.

At still lower doping levels, in which data on both MS and MIS 

junctions were obtained, the importance of interactions in the barrier 

becomes evident. In particular, the probability of interactions between 

tunneling electrons and unscreened ionized boron acceptor impurities is
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greatly increased at the lower concentrations. Thus, the properties of the 

barrier begin to dominate and the characteristics of it must be considered.
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FIGURE CAPTIONS

Simplified schematic of derivative measuring system.

Tunneling characteristics of silicon MIS junction No. 88
20 -3containing 2.3 x 10 cm boron impurities.

Tunneling characteristics of silicon MIS junction No. 75
20 -3containing 1.2 x 10 cm boron impurities.

Tunneling characteristics of silicon MIS junction No. 81-5
19 -3containing 4.6 x 10 cm boron impurities.

Tunneling characteristics of silicon MIS junction No. 82
19 -3containing 2.0 x 10 cm boron impurities.

Energies of the dl/dV minima versus doping. The calculated
Fermi degeneracy is shown for comparison. For each value of N
the range over which the experimental dl/dV minima occurred
is indicated by the extent of the vertical bars. At 

19 -3N = 4.6 x 10 cm , this range is unusually large due
cL

to the proximity of the optical phonon structure which 
tends to shift the position of the dl/dV minimum.

2 2Summary of the MIS optical phonon d I/dV lineshapes at 
negative bias. The vertical scales are not necessarily the 
same.

2 2  2 0 - 3d I/dV phonon lineshapes of a N^ = 2.3 x 10 cm MIS
junction. The vertical scales and zeros are different
for each curve. Peak-to-peak modulation = 1 mV.



FIGURE CAPTIONS (continued)

2 2d I/dV versus V data from typical MS junctions prepared from the 
five lower doped crystals. The data near zero bias has been omitted 
and the positive and negative bias data have been displaced vertically 
with respect to one another for simplicity of presentation.

2 2 ('5')Comparison of the calculated d I/dV lineshape of Davis and Duke'' '
with experiment. The parameters of the theoretical curve are
given in Ref. 7 . Since the calculated background does not
accurately depict the experimental background; it was necessary
to shift the experimental negative bias phonon structure vertically
to coincide with the theoretical curve.
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