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ABSTRACT

An adjustable metal-air-semiconductor capacitor was fabri-

cated using a Pb disk suspended 1700 - 3600 A above an n-type

Si <111> surface. Experimental differential capacitance versus

voltage and differential conductance versus voltage curves

.are similar to those previously obtained for metal-oxide-

semiconductor capacitors.
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Metal-insulator-semiconductor (MIS) capacitors have been

an integral part of the rapid growth of semiconductor :ech-

nology. Their applications include surface characterization,

transistor technology, charge coupled devices and solar

1-4energy.

The fabrication of these capacitors relies on the forma-

tion of a natural or deposited insulating barrier between a

metal electrode and the semiconductor surface. The natural

oxide of Si forms a uniform insulator well suited for MIS

5experiments. Deposited insulators are used with other ma-

terials.6

Often, however, it is necessary to determine the effects

of such insulators on the electrical characteristics of the

capacitors before the semiconductor physics can be understood.

For example, mobile and fixed charges in an oxide insulator

.'. alter the response of a semiconductor surface to an externally

'. applied electric field. In addition, insulator formation changes

the semiconductor surface making measurements that may be valuable

to the understanding of surface chemical processes impossible.

Ideally, a metal electrode suspended above the semiconductor

surface forming a distinct vacuum or air insulating gap would

overcome these limitations. The gap should be mechanically

. stable and uniform to within a few nm to insure constant fields

at the semiconductor surface as is the case for natural and

some deposited insulators.

We present here a promising technique for constructing

air-gap MIS capacitors that may satisfy these requirements.

It has been used to makze mechanically adjustable tunnel'inc

'p.'-a
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0 ,
barriers stable at approximately 10 A to within = 0.1 A.

Preliminary measurements on a Pb-air-n type Si <111> capacitor

are also presented using the differential capacitance versus
l 9

.. voltage method pioneered by Terman and developed by Lehovec

and Slobodsky and the differential conductance versus vol-

tage method developed by Nicollian and Goetzberger.
11

A MIS capacitor of the type described above is illustrated

in Fig. 1. A 9 m thick metal electrode evaporated on a 1 mm

thick glass microscope slide is supported above a polished

semiconductor surface by 10 ,jm evaporated spacers so that a

1 pm air-gap exists between the metal and semiconductor. The
gap is compressed using an electromagnetic squeezer that flexes

the microscope slide along a 5 mm diameter ring centered about

the 1 mm diameter electrode. 8 Electrical connection is made

to the metal electrode by 1 cm long, 0.1 mm wide, 0.1 "m

thick evaporated leads. This geometry insures a background

capacitance of a few picofarads, a small fraction of the total

capacitance when the capacitor is compressed.

Pb-air-n type Si <111> capacitors in this configuration

were constructed using carefully cleaned substrates in a lami-

nar flow hood that enclosed the opening of the vacuum chamber

to minimize dust. Both the Si and glass substrates were first

hand washed with a solution of Liquinox and rinsed with tap

and then deionized water. They were then transferred to the

laminar flow hood and stored under water until needed. Just
p..,

prior to an evaporation, they were rinsed with purified water

that had been filtered for 0.2 um particles and then degreased

and dried in acetone vapor. The leads, spacers and electrodes

-or -
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consisted of deposited Pb (99.99% pure) thermally evaporated
0

from Ta boats at a rate of 50 A/s and a pressure of 10 3 Pa.

Evaporations were monitored using a quartz crystal thickness

monitor.

Differential capacitance and conductance were measured

as a function of voltage with a standard apparatus that uti-

lizes a current sensitive preamplifier and lock-in amplifier.
12

A 10 mV, 100 kHz modulation voltage was applied across the

capacitor on top of a sweeping DC bias (sweep rate = 60 mV/

sec, lock-in time constant = 3 ms).

All measurements were taken at room temperature immediately

after the Pb evaporation. We, therefore, estimated that the

native oxide was less than 100 A thick on the Pb electrode.

The Si wafer was stored in air for months before these measure-

ments so that its surface had oxidized. The oxide thickness
0

was measured with an ellipsometer and found to be 60 A. Doping

density was determined from the resistivity of the Si wafer. 1 3

Figure 2 shows the measured differential capacitance versus

voltage curves for the Pb-air-n type Si <111> capacitor. The

insulator capacitance (V > 3 volts) was decreased by decreasing

the squeezing force starting with curve a. Each curve has

a capacitance step associated with the formation of an accumu-

lation layer near the silicon surface. 13 The insulator thick-

anesses were estimated from the accumulation capacitances using

the formula d = c0A/C. The low depletion capacitance (< 20

* pfd) and low threshold voltage (< 2 volts) are consistent with

14 -3
the measured doping density of 2 x 10 cm for curve d, the

largest estimated thickness. The other curves give lower
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calculated doping densities possibly' caused by electrode tilt

or roughness that becomes more noticeable for small insulator

thicknesses. In addition, hysteresis was apparent in the C-V

and G-V data for faster sweep rates (> 60 mV/sec) indicating

the presence of oxide surface mobile ions. The wide adjust-

ability of the insulator capacitance, however, shows that most

of the insulator is air gap.

Figure 3 shows the differential conductance versus vol-

tage curves corresponding to the capacitance curves in Fig.

2. As previously observed for Si MOS junctions, there exist

maxima near the flat band voltage indicating the presence

of surface states. 14Surface state structure is also apparent

in the capacitance curves. 15Leakage currents are apparent

at higher biases possibly due to electrode tilt or roughness.

These excess currents may be due to metal-semiconductor con-

tact or tunneling through a very thin insulating gap. They

are not caused by electrical discharge in the air gap since

the ionization Potential of air molecules is typically 10

volts, larger than the bias range used in these experiments.

The following comments summarize these preliminary results

on mechanically adjustable air-gap MIS systems.

1) A variable air-gap MIS capacitor can be constructed

using standard evaporation techniques and a recently developed

squeezable junction geometry. 7Care must be taken, however,

to avoid dust contamination.

2) Stray capacitance and metal electrode tilt can be

minimized using the proper junction geometry and squeezer

design. 
8
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3) The wide adjustability of the capacitance obtained

for a Pb-air-n type Si <111> capacitor suggests that most of

the insulator is the variable air-gap. Further investigations

concerning the effects of native oxides, electrode tilt and

surface roughness are necessary for a more quantitative un-

derstanding of these capacitors.

4) Surface state structure is apparent in the observed

C-V and G-V data for the Pb-air-Si capacitor.

These results then raise interesting possibilities for

experiments: a) on clean semiconductor surfaces, illuminating

physics previously hidden by the presence of the oxide layer,

b) on semiconductors' surfaces on which high quality native

oxides cannot be grown and c) on semiconductor surfaces be-

fore and after deposition of insulators. It may be parti-

cularly interesting to follow the surface states through a

series of processing steps on a single semiconductor surface.

This work was supported in part by the Office of Naval

Research. Two of us (JD and PKH) were supported by the

National Science Foundation under grant DMR82-03623. One of

us (JPK) wants to thank the UCSB Physics Department for the

hospitality provided during the summer of 1982.
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Figure Captions

A. Fig. 1. A schematic view of a metal-air-semiconductor capa-

citor. The vertical scale is distorted for clarity.

Actually, the slide is t I mm thick, the spacers are

10 i thick,the electrical leads are - 0.1 .i thick

and the electrode is , 9 u thick. Thus, the electrode

starts out about 1 u above the semiconductor. It

is brought nearer by applying a force to 'end the

glass slide. The force is applied betA n a 5 mm

diameter, hollow cylinder centered ovez he electrode

"' and a flat surface under the semiconduc

Fig. 2. Differential capacitance versus voltage curves for

various squeezing forces on a Pb-air-n type Si <111>

MIS capacitor using the configuration illustrated

in Fig. 1. The estimated air-gap thicknesses foro0
curves a-d are 1700, 2200, 2900 and 3600 A, respec-

tively.

Fig. 3. Differential conductance versus voltage curves for

various squeezing forces on a Pb-air-n type Si <111>

MIS capacitor using the configuration illustrated

in Fig. 1. The estimated air-gap thicknesses for

curves a-d are 1700, 2200, 2900 and 3600 A, respec-

tively.
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